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Abstract

The low efficiencies of p-type nickel oxide (NiO) dye-sensitised solar cells currently hinder
the performance of tandem devices, which combine both dye-sensitised photocathodes
and photoanodes to create a multi-junction cell. The maximum potential efficiency of
such devices is over 40 %, relative to a limit of 33 % for single-junction devices. Fast
charge-recombination has been identified as a major limiting factor of dye-sensitised NiO
systems, but there is little correlation between solar cell efficiency and the lifetime of the
dye’|NiO™ charge-separated state. This suggests that charge-recombination dynamics are
complex with multiple intermediates often observed when these systems are illuminated.
In this thesis the photoinduced charge transfer dynamics of a selection of light-absorbing
compounds are investigated by ultrafast time-resolved spectroscopy, with the aims of
further understanding the processes which occur inside a NiO dye-sensitised solar cell and

influencing the design of future systems.

Chapter 4 investigates a number of broadly-absorbing push-pull dyes which all form a
charge-separated state when adsorbed on NiO. Dyes with boron dipyrromethene (bodipy)
acceptor groups perform better in dye-sensitised solar cells when they contain a thio-
phene bridge and when there is stronger electronic communication between the donor
and acceptors. A combination of single-point and global analysis of transient absorption
data is used to extract the lifetimes associated with the charge-separated state. Similar
techniques are used to investigate dyes with cationic acceptor groups, and it is proposed
that interactions between the charged acceptor group and the iodide/triiodide redox cou-
ple reduce recombination processes. A key result of this chapter is the characterisation
of a bodipy-localised triplet excited state in the infrared region, which is observed for a

push-pull dye in dichloromethane but not in acetonitrile or when adsorbed on NiO.



In Chapter 5 a series of bodipy chromophore-polyoxometalate hybrid molecules are pre-
sented and the photoinduced dynamics are compared for systems where the metal, linker
group, counter cation and bridge length are modified in two solvents. A global analysis
method is used to identify the presence of charge-transfer intermediates where the spectra
of excited state species overlap. It is found that all structural changes have an effect on the
dynamics, suggesting that these systems can be effectively tuned to different applications.
Most interestingly, when the solvent is changed from acetonitrile to dichloromethane for a
bodipy-polyoxomolybdate, recombination of the charge-transfer excited state occurs via a

bodipy-localised triplet excited state, which is again characterised in the infrared region.

The relationship between solar cell performance and structure is investigated in Chapter
6 for an extensive series of ruthenium sensitisers with cyclometalating ligands. Small
variations in the structure have a large effect on the photophysical properties of the dyes,

but less impact on the performance of ruthenium-sensitised titanium dioxide solar cells.

Finally, Chapter 7 presents a new molecule for the sensitisation of p-type metal oxides.
The design of this dye combines properties which were found to be beneficial in the
preceding chapters, including a push-pull structure, spectroscopic handles and simple
synthesis. In general the properties of the dye are favourable and a promising internal

quantum efficiency of 13 % is achieved for initial dye-sensitised solar cell tests.
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Chapter 1

Introduction

1.1 Solar energy

The world energy consumption stands at around 4 x10?° J per year, which equates to an

! and The International Energy Outlook 2017 predicts

average of 13 Terawatts of power,
that this will rise by 28 % between 2015 and 2040.2 Considering that the earth receives
10* times what mankind consumes in a year from the sun (3 x10%* J), solar energy
is by far the most abundant energy source available.®>® The current technologies which
harness this energy are solar thermal and solar electric (photovoltaics), which directly

convert sunlight to electricity, though there is also considerable research into solar fuel

cells (photoelectrochemical /photobiological).%

In the United Kingdom over 12 Gigawatts of photovoltaics are installed, generating 3.4
% of the total electricity.” This is a promising figure but to increase our photovoltaic
output significantly, innovative solutions are required. This will most likely arise from
a combination of solar technologies, for example at Swansea-based company SPECIFIC
building-integrated photovoltaics for electricity generation are combined with batteries

for storage and solar air collectors for heating.®

1.2 Photovoltaics

Photovoltaics are categorised into three generations. The first contains monocrystalline

and polycrystalline silicon (c-Si) solar cells, which are made from silicon wafers of high
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purity with a thickness of between 0.2 mm to 0.5 mm.%!® The wafers are doped with
either phosphorus to create n-type silicon or boron to create p-type silicon and a pn-
junction is formed at the interface. The working principles of a pn-junction solar cell are
shown in Figure 1.1. Photons are absorbed at the pn-junction and an electron-hole pair is
generated (1). Thermal relaxation (2,2’) and recombination (3) processes can occur. The
electric field at the junction helps to separate electrons and holes (4,4”) and the charges
are collected at front and back contacts (5,5"). Crystalline silicon has an indirect band
gap so a large amount of material is required for sufficient light absorption,'! but the

efficiencies are high, generally 15-19 %.!2

Energy
A/b

5
1hv )

IVoltage

Figure 1.1: Representation of the working and loss mechanisms in a pn-junction solar cell. 1) Light

absorption; 2,2’) thermal relaxation; 3,3’) recombination losses; 4,4) junction loss; 5,57) contact loss.

The second generation contains thin film technologies including amorphous silicon (a-Si),
cadmium telluride (CdTe) and copper indium gallium selenide (CIGS), which is an alloy
of copper indium selenide (CulnSe;) and copper gallium selenide (CuGaSe;).!® These
are also pn-junction cells and operate in a similar way to crystalline silicon, but the
semiconductor is deposited with a thickness of a few micrometers.'>* This is possible
because these materials have a direct band-gap, and therefore stronger light absorption,
so less material is required. Cadmium telluride has a particularly well-suited band gap
to the solar spectrum, which is shown in Figure 1.2 together with the band gap energies
of some other common semiconductor materials. The benefits of these devices are that

they are cheaper to produce, and can be made flexible to a certain degree. These devices
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generally achieve around 18 % efficiency,* but there are limited known resources of indium

and tellurium which could limit the scale-up potential.’

20
{Nio Tio, CdTe Si CulnSe,
E 15
a
e
=
8 104
C
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0.0 : . : . /]
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Figure 1.2: The AM (air mass) 1.5 global solar spectrum. The band gap energies of commonly used
semiconductor materials are shown: NiO 3.6 eV; TiO5 3.3 eV; CdTe 1.5 eV; Si 1.1 eV; CulnSe; 1.0 eV.
Spectrum downloaded and adapted from ref [15].

The first two generations contain single junction cells which have a theoretical maximum
efficiency of 33 %, as defined by William Shockley and Hans Queisser in 1961.1% One of
the limitations is the thermal relaxation loss which occurs when photons with greater
energy than the band gap promote electrons and holes to higher energy than the band
edges. This process is labelled (2,2’) in Figure 1.1. Similarly, photons with lower energy
than the band edge are transmitted and do not create an electron/hole pair which can be
extracted. For silicon which has a band gap of 1.1 eV, photons with energies corresponding
to wavelengths longer than 1127 nm cannot contribute to the photocurrent. Materials with
a wider band gap than silicon give a higher photovoltage but absorb a narrower region of
the solar spectrum so generate a smaller photocurrent. Therefore a compromise between
photovoltage and photocurrent gives the highest power (current (Amps) x voltage (Volts)
= power (Watts)).
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Multi-junction cells can split the absorption of high and low energy photons which re-
duces thermal relaxation losses and increases the theoretical efficiency beyond that of the
Shockley-Queisser limit to around 45 % for two junctions.!”2° This limit increases to ca.
65 % for an infinite number of stacked cells,?! and currently the highest efficiencies for
multi-junction cells are 38.8 % for a four-junction cell, 37.9 % for a three-junction cell and

1.22 Third generation photovoltaics include multi-junction cells

32.8 % for a two-junction cel
and also emerging technologies which achieve high efficiencies with relatively low materials
and production costs. These devices tend to be more versatile in their applications, and
include dye-sensitised, quantum dot and perovskite solar cells. The efficiencies of these

devices have reached 14 %, 22.7 % and 13.4 %, respectively.?%23

1.2.1 The role of dye-sensitised solar cells

Dye-sensitised solar cells contain a thin layer of transparent, nanostructured semicon-
ducting material sensitised with dye molecules to absorb light. Different to a pn-junction
device, the processes of light absorption and charge transport are separated. The ba-

sic structure of a dye-sensitised solar cell is shown in Figure 1.3 along with that of a

ﬂhv ﬂhv

pn-junction device.

Front contact—» —| +— Front contact
n-type — Dye
pn junction —» + — Semiconductor
p-type <++— Redox electrolyte
/15
Back contact — «—Platinum

<+— Back contact

Figure 1.3: Simple representation of the components in a pn-junction solar cell (left) and a dye-sensitised

solar cell (right).

Charge separation in a pn-junction device is assisted by the electric field which exists at the
junction, whereas the semiconductor is nanostructured in a dye-sensitised solar cell and
the electric field does not play a major role in charge separation. Instead, the charges are
separated by diffusion through the semiconductor towards the front contact and through a

liquid junction containing a redox couple to the back contact due to favourable kinetics.?*

4
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Commonly n-type titanium dioxide (TiOs) and p-type nickel oxide (NiO) are used as
semiconducting materials in these devices, and their band gap energies are included in
Figure 1.2. The light-absorbing compounds presented in this thesis are small organic
molecules or metal complexes, though a variety of dyes have been investigated, some of

which will be discussed in Section 1.4.

Dye-sensitised solar cells have a number of potential applications for which pn-junction
solar cells are less suited. For example, they are semi-transparent so can be incorporated
into windows, and the choice of dye allows a range of colours. Their ability to collect
diffuse light means they perform well indoors which is also a benefit for areas where there
is relatively low solar irradiation, for example in the United Kingdom.? In addition to low
materials costs, dye-sensitised solar cells are easy to produce and can be printed onto glass
or plastic.262" There are a number of companies who have successfully commercialised dye-
sensitised solar cells, for example Solaronix (Switzerland), G24 Power Ltd. (Newport,
United Kingdom), Dyenamo (Sweden), Exeger (Sweden) and Dyesol (Australia).

The concept of a dye-sensitised solar cell was proposed in the 1970s,?® but the efficiency

2932 Tt was not until 1991 when Brian O’Regan

of early systems did not exceed 1 %.
and Michael Grétzel developed a device based on a nanostructured titanium dioxide film
sensitised with a ruthenium complex which achieved efficiencies over 7 % that research in
this area increased.?® This can be seen in the number of publications into dye-sensitised
solar cells, Figure 1.4. In recent years, the numbers of publications on dye-sensitised solar
cells has dropped, whilst research into perovskite solar cells has increased rapidly.3* The
efficiencies of perovskite solar cells are competing with commercialised second generation
solar cells,* however, the presence of lead and the stability of these systems is a concern

in terms of commercial viability.36:37
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3000
Il Dye-sensitised solar cells
[ Perovskite solar cells
2500 i~
I p-type dye-sensitised solar cells
2000 +
)
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R
8 1500
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3+ 1000
500 —

1995 2000 2005 2010 2015

Year

Figure 1.4: Number of publications by year of articles containing "dye-sensitised" or dye-sensitized" and

"solar" and "p-type". Also "perovskite" and "solar cell" (Scopus search).

1.3 Working principles

n-Type and p-type dye-sensitised solar cells contain similar components, but electrons
flow in opposite directions. The working mechanisms of n-type, p-type and tandem dye-

sensitised solar cells are relevant to the studies in this thesis.

1.3.1 n-Type

Figure 1.5 shows a simple representation of the forward processes present in an n-type
solar cell containing a dye-sensitised titanium dioxide photoanode, an iodide/triiodide
redox couple in solution and a platinised counter electrode. The dye attaches to the
semiconductor surface via an anchoring group. Fluorine-doped tin oxide (FTO) coated
glass is commonly used as a conductive substrate to fabricate dye-sensitised solar cells.
When the dye, D, absorbs a photon of light, an electron is promoted to a higher electronic
state, D" (1). In an organic dye this transition is from the HOMO level (highest occupied

molecular orbital) to the LUMO level (lowest unoccupied molecular orbital).

6
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Energy

/  Tio, Dye Platinum
Glass FTO CB

Figure 1.5: Representation of the relative energy levels and forward processes in an n-type titanium
dioxide dye-sensitised solar cell. 1) Dye excitation; 2) charge-injection; 3) charge transport; 4) reduction

of redox couple; 5) dye-regeneration.

The dye can transfer an electron into the conduction band (CB) of titanium dioxide if
there is an exergonic driving force where the Gibbs free energy is sufficiently negative (2).
This process is charge-injection and results in an oxidised form of the dye, as shown in
Equation 1.1, where D" is the excited dye, D™ is the oxidised form of the dye and e (Ti05)
is an electron in titanium dioxide. Here, the resulting dye™| TiOy system is referred to as

the charge-separated state.

D" = DV + ¢ (Ti0,) (1.1)

The negative charge in titanium dioxide passes through the semiconductor via diffusion
and is collected at the back contact (3). These processes are referred to as charge transport
and charge collection, respectively. The redox couple shuttles the charge from the counter
electrode at the other side of the cell (4) to the dye (5), where processes 1) to 4) are

repeated. The dye-regeneration process also requires a decrease in Gibbs free energy.

The redox couple used in this work is iodide/triiodide, in an electrolyte containing iodine
and a source of iodide (eg. lithium iodide). Many one-electron processes occur for the
iodine/iodide system in solution and the dye-regeneration process is believed to proceed
through the following mechanism.*4° Iodine binds with iodide to form triiodide, Equation

1.2, and the equilibrium of this process is such that very little free iodine is present.*!

7
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Triiodide diffuses through the electrolyte to the counter electrode where it is reduced
to iodide, Equation 1.3, which regenerates the oxidised dye via Equations 1.4 and 1.5.
The radical species generated in Equation 1.5 undergoes a disproportionation reaction to

reform iodide and triiodide, Equation 1.6.

Lo+ T — Iy (1.2)
Is +2¢ — 3I (1.3)
D"+ I — DI (1.4)

DI+TI - D+1," (1.5)
20, " =I5 + T (1.6)

Overall, for titanium dioxide dye-sensitised solar cells, the key reaction involved in dye-

regeneration is described in Equation 1.7.

o e+ 1y (1.7)

These forward processes compete with loss mechanisms which are shown in Figure 1.5,
and are described by Equations 1.8, 1.9 and 1.10. Dye relaxation (1) from the excited
state to the ground state occurs via a radiative or non-radiative pathway and depends on
the excited state lifetime, T... For an efficient device this process should be slower than
the time taken for electrons to diffuse through titanium dioxide, the charge transport

time, Ty,.
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@
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TiO . Ti0, Dye*
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Figure 1.6: Recombination processes in an n-type titanium dioxide dye-sensitised solar cell. 1) Dye

relaxation; 2) dye ' |TiO2™ recombination; 3) electrolyte " |TiO2™ recombination.

Recombination of the negative charge in titanium dioxide following injection can occur
with the electron vacancy in the dye or with species in the electrolyte (2,3). The latter
is believed to occur via interactions with free iodine.*?> These processes are shown in

Equations 1.9 and 1.10 respectively, and both result in the loss of the charge pair.

DD (1.8)
D' + e (TiOy) — D (1.9)
I + 26-(TZOQ> — 2I" (110)

1.3.2 p-Type and tandem

Photocathodic systems commonly contain nanostructured nickel oxide as the transparent
p-type semiconductor. The forward processes in a nickel oxide dye-sensitised solar cell
are shown in Figure 1.7. Following dye excitation (1), electron-injection occurs from

the valence band of nickel oxide into the HOMO level of the dye to form the dye |NiO™

charge-separated state (2).
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D*
A
3 lv4 Iy 5
Fg 3 1 hv
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Figure 1.7: Energy level diagram of the forward processes in a p-type nickel oxide dye-sensitised solar
cell. 1) Dye excitation; 2) charge-injection; 3) charge transport; 4) dye-regeneration; 5) oxidation of the

redox couple.

In this case the charge-separated state consists of a reduced form of the dye and a hole

generated in the valence band of nickel oxide, as shown in Equation 1.11.

D" — D + h"(NiO) (1.11)

The hole diffuses through mesoporous nickel oxide and is collected at the back contact
(3). In Figure 1.7, the arrow represents electron movement, as the electrons move towards
the dye. Dye-regeneration (4) is thought to occur via an interaction between the reduced
dye and triiodide, as shown in Equation 1.12.%3 Equation 1.13 shows the regeneration of

triiodide at the counter electrode.

D +1y —-D+1y, + 1T (1.12)

31" — I3 +2¢ (1.13)

The important reaction involved in regeneration of the dye for p-type systems is given in

Equation 1.14.

]3_+6_—>127.+I_ (114)

10
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Dye relaxation and recombination processes which occur for p-type systems are shown in

Figure 1.8.

NiO e NiO

VB VB Dye”

Figure 1.8: Energy level diagram of the backward processes in a p-type nickel oxide dye-sensitised
solar cell with an iodide/triiodide redox couple. 1) Dye relaxation; 2) dye [NiO" recombination; 3)

electrolyte’|NiO™ recombination.

Holes in nickel oxide can recombine with the reduced dye (Equation 1.15) or with species
in the electrolyte. It is also possible for nickel oxide to transfer an electron to Iy, which
generates a hole in nickel oxide and can contribute to the photocurrent. This has been

observed in the incident photon-to-current conversion efficiency (IPCE) spectrum.**

D+ h*(NiO) = D (1.15)

By replacing the platinum counter electrode of a titanium dioxide dye-sensitised solar cell
with a dye-sensitised nickel oxide photocathode to create a tandem cell, the theoretical
maximum efficiency increases to that of a two-junction device.'®*>46 In this situation,
different sensitisers are used at each side of the cell, one absorbing low energy photons
and the other absorbing high energy photons. In a tandem device, the forward processes
are a combination of the n-type and p-type sides of the cell, and are shown in Figure
1.9. The cell is illuminated so that higher energy photons are absorbed at the front and
lower energy photons are collected at the back. Upon illumination both dyes absorb a
photon of light (1,1"). At the titanium dioxide side, the dye, D, injects an electron into
the conduction band (2).

11
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Dl>{=

i,, I/l v‘v 3

Energy

3* hv
—— 1 *2'
D I ———————
/ - D' o A
TiO NiO
Glass FTO Cle vB FTO Glass

Figure 1.9: Energy level diagram of the forward processes in a tandem dye-sensitised solar cell. 1,17) Dye

excitation; 2,2’) charge-injection; 3,3’) dye-regeneration.

This electron travels around the circuit and regenerates D’ at the nickel oxide side of the

cell (27). The redox mediator shuttles charge between the two sides of the cell (3,3").

1.3.3 Energetics

The relative energy levels in a dye-sensitised solar cell determine the open-circuit voltage
(Voc) and the Gibbs free energies of charge-injection and regeneration, AGiy; and AGieg.

These are labelled for both titanium dioxide and nickel oxide systems in Figure 1.10.

a) V vs NHE
LUMO b
) V vs NHE
AGy, LUMO
05V &_ AC}reg
o B 2 o LLT g35y
z Voc 2
= is
LTJ I —/I— I3_/I_
37 035V N 035V
3 ocC
0.54v —NO
LT VB AG..
2 093V | |HOMO
A
HOMO G’eg

Figure 1.10: Energy level diagram of a dye-sensitised solar cell. a) n-Type TiOs; b) p-type NiO.

The open-circuit voltage of the cell is the difference between the quasi-Fermi potential of

12
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the semiconductor, ¢F , for n-type or ¢Er,, for p-type, and the redox potential of the

electrolyte at the counter electrode, Fiedox, as shown by Equations 1.16 and 1.17.3°

VOC(”) - Eredox - qEF,n (1]_6)

VOC(p) = qEF,p - Eredox (117)

In the dark the Fermi level of a semiconductor, Ep gark, lies between the valence band
and conduction band, as shown in Figure 1.11. Under illumination the system is not in
thermodynamic equilibrium due to injected electrons or holes, and in this case the Fermi
level is referred to as the quasi-Fermi level, which lies close to the conduction band edge
in an n-type system and close to the valence band edge in a p-type system.

a) n-type b) p-type
CB CB

Energy
Energy

Figure 1.11: Energy level diagram of the Fermi energy in the dark (Ep ga,k) and the quasi-Fermi energy at

equilibrium under illumination for an n-type semiconductor (qEr n) and a p-type semiconductor (qEr ;).

The redox potential of the iodide/triiodide redox couple is given by the Nernst equation:

RT Is
Eredox = EO/redOX + 2_ In % (118)

Where EY g0 is the formal redox energy of the electrolyte, R is the gas constant, T

is the temperature and F is the Faraday constant.?”’ For the iodide/triiodide couple in

acetonitrile solution, Fiedox is 0.35 V vs NHE. 4047

Given that Ep, for titanium dioxide is approximately -0.50 V vs NHE,*® and Ep, for

nickel oxide is approximately 0.54 V vs NHE measured in aqueous solution at pH 7,49

the maximum open-circuit voltage (Voc) is much higher for titanium dioxide cells (ca.

13
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0.85 V) than for nickel oxide cells (ca. 0.19 V). This difference is clearly shown in Figure
1.10. In a tandem dye-sensitised solar cell the V¢ is the difference between the quasi-
Fermi potentials of the n-type and p-type semiconductors, Equation 1.19. This equates to
the addition of the photovoltages of the separate cells, so the maximum voltage achievable

by a tandem cell using these materials is ca. 1.04 V.

Voc(pn) = ¢Erp, — ¢Ern (1.19)

In an n-type system, the driving force for injection, AGiy;, is the potential difference
between the conduction band edge of the semiconductor and the excited state potential
of the dye (D" /D*). AG,e is the potential difference between I, "/I" (0.93 V vs NHE) and
the oxidised dye species, which is estimated using the ground state oxidation potential
of the dye (D/D™). It has been reported that a AGyy; of -0.1 eV and a AG, of more

than -0.2 €V is required for a functioning device.?4:50:51

For a p-type system AGi,; is the
potential difference between the valence band edge of the semiconductor and the excited
state potential of the dye (D*/D") and AG,. is the potential difference between I537/I," (-
0.08 V vs NHE)?? and the ground state reduction potential of the dye (D/D"). There is
a larger driving force for charge-recombination in n-type dye-sensitised titanium dioxide
systems and this process has been reported to occur in the Marcus inverted region when
the reorganisation energies have been measured or estimated using density functional
theory.53%5 For dye-sensitised nickel oxide, charge-recombination occurs in the Marcus

normal region and the rate of recombination increases with driving force.5%:57

1.3.4 Kinetics

The fate of an electron in a dye-sensitised solar cell is determined by kinetic competition
between productive and recombination processes. The typical lifetimes associated with

these processes are given in Figure 1.12. Electron injection time, 7i,j, typically occurs in

40,54,58-63

the range of 100 femtoseconds to 100 picoseconds for a dye|TiOy system and is

generally faster than the decay of the dye excited state, T, which is on a nanosec-
ond to microsecond timescale. The electron transport time, 7., is on the order of

47,64,65

milliseconds which is sufficiently fast to compete with semiconductor/electrolyte

recombination processes which occur over 1-20 milliseconds for titanium dioxide with an

14
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iodide/triiodide couple.®®%® This is the most important loss mechanism for titanium diox-
ide systems as it competes with regeneration of the oxidised dye by triiodide, Tyeg, (100

nanoseconds to 10 microseconds).*?

Yy . + * s
a) TiO, D/D b) NiO
D/D-
Tiyj, 100 £s — 100 ps
CB Treg, ns — us
2 Ty MS T, 1-20 ms . .
%D tr, e, L Eﬂ Tree, PS — US 13_/12
g 3 2 L/
Trec, MS Teye TS - 1S VB Texe NS - LS
L/T Tinj, {5 — ps D*/D-
D/D* Trep, 100 ns — 10 ps -

Figure 1.12: Energy level diagram of the components within a dye-sensitised solar cell with the relevant

timescales of each process. a) n-Type TiOq; b) p-type NiO.

For p-type nickel oxide systems charge-injection is a fast process, between 100 femtosec-
onds to 100 picoseconds.?® However, dye [NiO" recombination generally occurs on a pi-
cosecond to nanosecond timescale, and is often faster than regeneration which has been
reported from nanosecond up to microsecond.®”™ Elaborate donor-acceptor dyes can give
charge-separated state lifetimes up to microseconds.’”"* "™ Fast charge-recombination
may be a result of the low hole mobility of nickel oxide or the electronic vacancies
which exist above the valence band edge.™ Where charge transport through titanium
dioxide is believed to be diffusive, for nickel oxide a hole-hopping mechanism at the
nickel oxide/electrolyte interface has been proposed, which may also promote semiconduc-
tor /electrolyte recombination.*»™ " This hopping mechanism for nickel oxide is believed

to originate from ’trap states’ caused by the presence of Ni3* and Nj**. 776

1.4 The field of p-type dye-sensitised solar cells

1.4.1 Nickel oxide

Despite its low hole mobility, nickel oxide is still the most extensively investigated ma-

39,77,78

terial for p-type dye-sensitised solar cells, and has been used in other solar en-
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ergy applications, for example as a photoactive electrode for hydrogen production with a

cobaloxime catalyst,™

and in a tandem water splitting device with a bismuth(III) vana-
date photoanode.®? The p-type conductivity of nickel oxide is due to non-stoichiometric
NiO, which occurs in oxygen rich environments.3! Nickel oxide has a pale green colour

due to Ni%" cations, which turn dark brown upon oxidation to Ni3* .82

1.4.2 Advancements

The first p-type dye-sensitised solar cell (p-DSC) was fabricated with a nickel oxide photo-
cathode by Lindquist and coworkers in 1999.%° Nickel oxide films sensitised with Erythrosin
B gave a modest photocurrent density (Jsc¢) and voltage (Vo) under 1 sun illumination
(Jsc = 0.23 mA cm™?, Voo = 83 mV). The overall power conversion efficiency (1) was
0.0076 %. This system was incorporated into the first tandem dye-sensitised solar cell
with an N3|TiO; photoanode to give a power conversion efficiency of 0.39 %.1% N3 is a
ruthenium complex commonly used in n-type dye-sensitised solar cells. There has been
extensive research into p-type dye-sensitised systems since these initial results, and a num-
ber of review articles documenting this effort have been published.3?*27"" Some of the

key developments will be highlighted here.

Modifying the sensitiser is the most popular area of investigation, with many different
classes of molecule reported. Early work in this field by groups of Hagfeldt, Ham-

marstrom and Odobel included small molecule dyes such as a phosophorus porphyrin®?

and Coumarin 343.%* Coumarin 343 is still used as a reference dye for p-type systems, %8586
with the highest efficiency achieved by Fujihara in 2008 (n = 0.057 %).87 However,
Coumarin 343 suffers from fast charge-recombination when adsorbed on nickel oxide.®®
There are many examples of small sensitisers which generate photocurrents around 1.0

mA cm™? with power conversion efficiencies around 0.01-0.04 %.45:8%:89

A new class of p-type dye with push-pull character was introduced by Sun’s group,5%9%-91

with dyes based on a triphenylamine donor group, a carboxylic acid anchoring group and
a variety of acceptor groups connected to the donor by a conjugated bridge. The most
successful dye, P1, contained malononitrile acceptor groups. An initial power conversion
efficiency of 0.08 % was achieved for this dye,”® which rose to 0.15 % when the film
thickness was increased (Jsc = 5.48 mA cm™, Voo = 84 mV).% The highest efficiency for
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P1 has been achieved with an aqueous cobalt(ethylenediamine)?/3* electrolyte (n = 0.4
%).93
S NC
o)
X
OH .
N 0 Yo >—< >—N
HO
Coumarin 343
AN CN s NC
\ N P1 /
S Ne AN CN
CGH13 (o)
B N HO
s s
| > |
o S
OH CGH13 / S NC
HO
o)

Figure 1.13: The structure of Coumarin 343 and some successful push-pull dyes.

Since the development of P1, push-pull dyes containing a triphenylamine donor group have
been popular, with photocurrent densities commonly around 2.0 mA cm™ and efficiencies
of 0.1 %.249 A push-pull dye which gives higher performance is T3 which is an analogue
of P1 with an extended thiophene linker between the anchor and donor (Jsc = 4.01 mA
cm?, Voo = 144 mV, n = 0.19 %).%7 The simple dye QT-1 from the groups of Zhou and
Song achieved 8.2 mA cm™ ( = 0.33 %), the success of which was attributed to the small
size of the dye allowing high dye-loading, and a high molar absorption coefficient.”® Our
group has reported a push-pull dye with boron dipyrromethene (bodipy) acceptor groups
which performed well and had a long-lived charge-separated state on nickel oxide (Jgc =

3.15 mA cm™?, Voo = 79 mV, n = 0.08 %).”

Elaborate and extended structures have been shown to reduce recombination of the
dye’|NiO™ charge-separated state. Structures developed by the group of Odobel con-
taining a peryleneimide (PI) donor group and a naphthalenediimide (NDI) acceptor have
sufficiently long-lived charge-separated states to allow the use of a slower redox couple,

for example cobalt?*/3+ 997101 Cobalt?*/3* redox couples have many advantages over the
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iodide/triiodide redox couple, including lower absorption in the visible region, fewer pho-

toinduced side reactions and a more negative redox potential.?*43:102

The photovoltage of
a peryleneimide-naphthalenediimide (PI-NDI) system was 350 mV (Js¢ = 1.66 mA cm™,

n = 0.20 %), the highest photovoltage reported for a p-DSC at the time.

m S0

o
CeHi7— N-N ' _ _ 243+
DaPaOaW )

PMI-6T-TPA

CO.H

Figure 1.14: The structures of peryleneimide dyes and a cobalt(diaminoethane)?*/3* redox couple.

The group of Bach has developed a peryleneimide dyad (PMI-6T-TPA), which was par-
ticularly successful with a cobalt?*/3* diaminoethane complex (Jgsc = 4.44 mA cm2,
Voc = 709 mV, n = 1.30 %).'% PMI-6T-TPA|NiO was also used in a tandem device
with N719|TiOy (n = 1.91 %).*6 Other classes of p-type dye include squaraines,!04107

108-110 111-114 43,57,115,116

porphyrins, quantum dots, small peryleneimide dyes, and metal
complexes.!17129 For the development of tandem dye-sensitised solar cells, absorption at
the photocathode should have minimal overlap with absorption at the photoanode. There
have been attempts to develop p-type dyes which absorb further into the red region, for
example our group has reported a series of cationic dyes, and incorporated the most suc-
cessful dye into a tandem cell.!?"122 Squaraine,'?"!?3 lead sulphide quantum dot!!3 and

diketopyrrolopyrrole?* dyes have also shown photocurrent responses above 600 nm.
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1.4.3 The charge-separated state

The fast recombination of the dye |[NiO™ charge-separated state is a major limitation of
nickel oxide dye-sensitised solar cells. In Table 1.1, dye structures and their corresponding
dye’|INiO™ charge-separated state lifetimes are shown for all p-type nickel oxide systems
where this information was reported. Where the dyes have been tested for their per-
formance in a solar cell, the efficiency is also given. Charge-recombination is generally
believed to occur over a range of timescales due to holes present in different states in

nickel oxide, so in some cases multiple lifetimes are attributed to this process.

Dye structure 7(dye |[NiO™) n (%) ref (year)
Coumarin
0]
¢ VOH
20 ps 0.057  [87, 88] (2005)
N o 0O
Porphyrin

2.5 ns - [83] (2005)

51.7 ps 0.06 [110] (2016)
HO,C

50-100 ps 0.056  [110] (2016)
HO,C
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H,03R

5.1 ps

14 pus

n = 0, 250 ps
n = 1, 600 ps
n=2 11ns

371 ps

426 ps

50-70 ns, 1 ps, 5-30 us

0.012

0.004

0.006

0.009
0.033
0.051

0.021

[110] (2016)

[118] (2012)

[118] (2012)

[119] (2012)

[125] (2013)

[125] (2013)

[120] (2014)
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POzH, H,05P,

H205R VAN 50-70 ns, 1 us, 5-30 us  0.068

50-70 ns, 1 ps, 5-30 us  0.061

Peryleneimide
o

[e]
N 0.0 © 100 ps, 6.8 ns 0.046
av

o]

(o]
(o] o]
o Ye%e 190 e, 0. 0013
N OH Ps, ¥.4 1S .
o¥e'
[e]

o

O, O O, Qg
- O _ O O © 5 ps, 50 us 0.20
el

Q o] Q ° 6
e, e 3 s, 55 us 0.074
°‘z§ 4i; %j<:3*: Ql’lklk

[120] (2014)

[120] (2014)

[99-101] (2011)

[101] (2011)

[99, 101] (2011)

[101] (2011)
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2.4 s 0.058  [101] (2011)
111 ps - [57] (2012)
147 ps - [57] (2012)
HO,C N ° 9 N CO,H
L 0.0 ) 470 ps - [57] (2012)
R Ua
[o)Ne]
P8 CO,H
0. N 2!
8.8 ) 260 ps : 157] (2012)
o o
[o)Ne]
Squaraine

©o CS'HW COLH
’ 2.2 ps, 53 ps 0.034  [123] (2014)
N
! O &0

7
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3 ps, 112 ps 0.026  [123] (2014)

4.8 ps, 130 ps 0.083 [123] (2014)

n=1: 177 ns, 1.34 us 0.1

[46] (2010)
n=2: 1.22 us, 12.2 us  0.19
1.30 [103] (2013)
n=3: 2.54 us, 13.6 us
2.51 [126] (2015)
CO,H
O,
e
N B
o O.O \S/ s O OCOQH 250 ns 0.04 [127] (2012)
CeHis N
CO,H
COH
CeHys
8.8 s /S\ — O N 300 ns 0.10 [127] (2012)
\ |

C6H13
COo,H

COH

0] CeH1s3
) 8.0 =) p 250 ns 0.05 [127] (2012)
o g o

CeH1s

n=1: 0.37 us -
n=2: 4.5 us - [128] (2017)
n=3: 13 us -

COH
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Push-pull

Y 3 N 2.7 ps, 17 ps, 205 ps  0.15 [69] (2010)
[93] (2017)
N

CN

S NC

o>_©7N 2.4 ps, 20 ps, 317 ps 0.03 [69] (2010)
HO

177 ns 0.08 [70] (2014)

Cationic

HO,C
Q ~ \%e 300 ps 0.09 [121] (2014)
N O \S\ CeHis P .

9
o

@,
Q SN Bro
N | bsHm
e W 100 ps 0.10 [121] (2014)
O OCgHy3
CgH430
Oligothiophene

CeHis CeHis  CeHis C

o I \__s I N\ _s_ /\ o COH
R SIaAtgatue] 392 ps 0.13 129] (2016
Qoo ©

N

COH
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CeHis CeH1z  CeHis
7N s N s U\

oM
"\ " ) s O
NC N

CN  CgHys CgHy3

CeH1s

COH

Diketopyrrolopyrrole
CoHs
C4Ho

CyHs CO,H

62 ps 0.10

8.6 ps, 75 ps 0.03

6.1 ps, 94 ps 0.07
coH 13 ps, 260 ps, 140 us 0.09

61 ps 0.063

57 ps 0.04
COH

49 us, 570 us 0.21

[129] (2016)

71, 130] (2016)

[71, 130] (2016)

71, 130] (2016)

[131] (2016)

[131] (2016)

[131] (2016)
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CaHs
C4Ho CO,H

[e] (o]
v s FaURG A
ity Zzb AT pis, 476 s 0.21 [131] (2016)

A\
o N
c‘,Hg\)

C,Hs CO,H

Table 1.1: Structures and charge-separated state lifetimes of dyes adsorbed on nickel oxide films. When
data is not given it is indicated with (-). The lifetimes of each component are given where a multi-

exponential fit was used.

The charge-separated state lifetimes and efficiencies given in Table 1.1 are compared in
Figure 1.15, and in general there is little correlation. However, the majority of the data
shown in Figure 1.15 represents p-type dyes which achieve efficiencies of less than 0.5
%, as there are few systems which achieve over 1.0 % where the charge-separated state
lifetime has been reported. Exceptions include P1 and PMI-6T-TPA, whose values are
labelled in Figure 1.15.

] ® PMI-6T-TPA Fe”™
14 ® PMI-6T-TPA Co*"**
] m P1Co™™
4 ™ ] [ |
— ]
E’\o., 0.1 3 l:. - " ; -
— _ n B - ~ . [
] L an
J ]
|
0.01 5 =
|
1 ]
LA IRLELALALLLY IR LLL IRRLELALALLLL IR LAY IRLLLLLLL IR LLLY IR LA IR |
0.1 10 1000 100000 1E7
T (ns)

Figure 1.15: A comparison of the power conversion efficiencies () and corresponding charge-separated
state lifetimes (1) for the p-type dyes shown in Table 1.1. Three systems are labelled: P1 ref [93];
PMI-6T-TPA ref [103] and ref [126].

These two dyes have very different structures, P1 is a small push-pull dye and PMI-6T-
TPA has a long, extended thiophene bridge with a long-lived charge-separated state, yet
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the efficiencies of both are higher than average for a p-type system.

1.4.4 Measuring lifetimes

The rates of charge-injection and charge-recombination processes are commonly investi-

65,132 For dye-sensitised titanium dioxide systems,

gated using time-resolved spectroscopy.
the inhomogeneous distribution of trap states in the metal oxide film leads to a variety of
recombination rates, so stretched exponential functions or multiple components are used
to fit recombination kinetics.!3%13* The decay of dye’ |NiO" systems are also commonly fit
with multi-exponential decay functions.”>">74123:129 Ty this work single-point analysis is
used to extract kinetic information from time-resolved spectroscopy data, and is described
further in Section 2.3.2. Where multiple species or intermediates are present, a global anal-
ysis technique is used. Briefly, the full spectra are fit to multiple time components and the
amplitudes of each component are plotted against the detection wavelength. This gives

decay-associated difference spectra (DADS) and evolution-associated difference spectra

(EADS).!35 This is especially useful for conjugated molecules which absorb broadly.

Time-resolved infrared spectroscopy is used to gain kinetic information about photoin-
duced dynamics by monitoring changes in bond strength following laser excitation. This

132,136-138

technique has been used extensively to study dye|semiconductor systems, and

our group has observed changes in the v(C=0) of the carboxylic anchoring group on a

dye|NiO system using time-resolved infrared analysis.?!
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Chapter 2

Theory

2.1 Solar cells

The principles behind the standard solar cell characterisation methods which have been

used to evaluate the performance of dye-sensitised solar cells are presented in this chapter.

2.1.1 Current-voltage characteristics

o Q=
ISC

open-circuit —l
® Yo
0Q= ——

short-circuit

Figure 2.1: Equivalent circuit of a dye-sensitised solar cell under open-circuit and short-circuit conditions.

A dye-sensitised solar cell is commonly modelled by the equivalent circuit shown in Figure
2.1, where D is the diode element, Rg is the series resistance, Rgy is the shunt resistance,
Voc is the open-circuit voltage and Igc is the short-circuit current.!? The open-circuit
voltage and the short-circuit current are determined by recording the current as a function

of potential under AM 1.5 illumination at 1 sun intensity (1000 W/m?) to give a current-
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voltage curve which has the shape shown in Figure 2.2.> When the working and counter
electrodes are connected with negligible resistance, the cell is at short-circuit and the
current which flows through the cell is the short-circuit current (Isc). When there is
infinite resistance between the electrodes the cell is at open-circuit and the potential
difference across the cell is the open-circuit voltage (Voc). Isc values are generally given
in terms of the photocurrent density which accounts for the active area of the electrode
(Jsc, A em™). The current which flows when the device is in the dark (dark current) is due

to charge transfer at the semiconductor/electrolyte interface and is therefore determined

by recombination.!*

[

X

~~ JSC

3 N

o]

N

£ /

& Ter Max power

= point

=

:

o Light VMPP\ /Voc
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*
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-
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-
.
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Figure 2.2: Current-voltage curve under illumination and in the dark. Jgc is the short-circuit current;

Voc is the open-circuit voltage; Jypp and Vypp are the current density and voltage at the maximum

power point, respectively.

The current density at the maximum power point, Jypp, and the voltage at the maximum
power point, Vypp, are labelled in Figure 2.2. The product of Jypp and Vypp gives the
maximum power output of the cell, P,.. For an ideal system the curve would be square,
in which case Voo = Vupp and Jsg = Jypp. The deviation from this square is quantified
by the fill factor, Equation 2.1. The magnitude of the fill factor depends on the series
resistance, Rg, and the shunt resistance, Rgy, when a dye-sensitised solar cell is represented

using the basic diode model shown in Figure 2.1, which cause the current-voltage curve
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to slope as shown in Figure 2.3.>% The Rgpy is related to charge-recombination losses to

the dye and electrolyte which impacts the dark current.

rr— Jupp X Vvpp P rax (mWem™)
 JsexVoc  Jsc (mAem?) x Vog (mV)

A

— . 1 Slope = 1/Rgy
D \ e
5 \ g

< ‘.‘ Slope = 1/Rg <

g z

= w

E 3

= -

© 0

Voltage (V) Voltage (V)

Figure 2.3: Tllustration of the impact of resistance on the shape of a current-voltage curve. Left) series

resistance, Rg; right) shunt resistance, Rgy.

The power conversion efficiency, n, is the ratio of power generated to the power of incident

light (irradiance, I) as defined in Equation 2.2.

Prax  FF xVoc (V) x Jsc (mA em™)
I 100 (mW cm2)

y— x 100(%) (2.2)

2.1.2 External quantum efficiency

The incident photon-to-current conversion efficiency (IPCE) is a measure of the spectral
response of the cell at a given wavelength. The current response is measured as the cell
is exposed to monochromatic light of varying wavelengths under short-circuit conditions.
The IPCE is used to determine the performance of the sensitiser in a dye-sensitised solar

cell and is defined by Equation 2.3.

# collected electrons
IPCE, = 100 23
g # incident photons % % (2.3)
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The number of collected electrons is calculated from the current density generated by the

cell at a given wavelength, Jgsc, and the charge of an electron, e , where 1C' = 1A4 s:

A -2
# collected electrons (s cm™®) = Jsce( (C?)m : - 1.605§<010'19

(2.4)

The number of incident photons is determined by measuring the power of the monochro-
matic light, P. The wavelength, A, is converted to meters. The power and wavelength
are converted to the number of photons per second, per area by dividing by Planck’s

constant, h, and the speed of light, c:

P (Wem?) x X (nm) x 107 PAx 107

incident phot Tem?) = = 2.5
7 incident photons (s cm™) h (Js) ¢ (ms?t) 1.986 x 1025 (25)
Combining Equations 2.3, 2.4 and 2.5 gives:
# collected electrons  Jge x 1.986 x 10
# incident photons ~ 1.602 x 1019 x PA x 10 (2.6)

Jsc
IPCFE, =124 — x1
CE, 0 x ) x 100%

The IPCE is dependent on the light harvesting efficiency (LHE), the injection efficiency
(7inj), the regeneration efficiency (1,es) and the charge collection efficiency (7). The light
harvesting efficiency is dependent on the film absorbance, LHE =1 — 1072,

IPCE) = LHE X Ninj X Nreg X Nee (2.7)

The internal quantum efficiency, (absorbed photon to current conversion efficiency, APCE)

can be calculated if the absorbance of the sensitised film is known.

IPCE,

APCFE = THE

(2.8)

2.1.3 Charge lifetime, charge transport and charge extraction

The charge collection efficiency, 7., of a device depends on the charge transport time,

Ttr, and the charge lifetime, 7./, of an electron or hole:”
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Ttr

Nee = 1— (29)

Te/h
The charge lifetime, 7, or 7y, is a measure of recombination between charges in the semi-
conductor and species in the electrolyte.’®® Under open-circuit conditions no current
flows between the two electrodes, and the voltage depends on the light intensity. Small
(ca. 10 %) modulations of the bias light intensity are applied as changes in the voltage
are monitored. As the bias light intensity is decreased the photovoltage decay repre-
sents recombination of photogenerated charges in the semiconductor with the electrolyte.
Fitting the decay to an exponential function gives an average lifetime of 7, or 7, for a

corresponding voltage.

Open-circuit Short-circuit

V2| mmmmmmmmmmm e

—
N

A4 N

p—
—

Photovoltage (V)

Bias light intensity
Bias light intensity

Photocurrent density (A cm2)

Time (s) Time (s)

Figure 2.4: Representation of the typical shape of data recorded in a charge lifetime (left) and charge

transport (right) experiment.

To determine 7y,, the cell is illuminated under short-circuit conditions and the current
flows as a result of injected charges in the semiconductor from the dye. The photocurrent
is dependent on the light intensity. As the light is decreased by ca. 10 %, the photocurrent
decreases and an exponential fit of the decay gives the charge transport time, 7., for a

corresponding photocurrent density.

Information about the Fermi level of electrons in the semiconductor can be determined
using charge extraction experiments. According to Equation 2.10 for an n-type system and
Equation 2.11 for a p-type system, the Fermi level depends on the charge concentration

and density of states in the semiconductor, where Er ,/, is the Fermi level energy of an
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n-type or p-type semiconductor, Ecg v is the conduction or valence band energy, kT
is the thermal energy, ncg/vp is the electron concentration in the conduction band or

valence band and Nc¢g,vg is the density of states in the semiconductor.™

Epn = Ecp + kpT In(—=2) (2.10)
Ncp
N

Epp = BEyg + kgTIn(—2) (2.11)
nve

Charge extraction measurements are recorded under open-circuit conditions initially. At
open-circuit conditions and under illumination a potential difference exists across the cell.
The light is switched off for a set time and charges in the semiconductor recombine with
the electrolyte. The conditions are then switched to short-circuit and a photocurrent spike
corresponds to the extracted charge for the voltage at which the system was switched to
short-circuit. A difference in the extracted charge at a given photovoltage for comparable
devices suggests a shift in the band edge.!’ This experiment can also be combined with
charge lifetime experiments to compare the charge lifetime for a given charge density.

Further experimental information is given in the Experimental Chapter, Section 3.2.4.

Short-circuit

(A) 23ejj0a010yg

Open-circuit

Photocurrent density (A cm?)

Time (s)

Figure 2.5: Representation of the typical shape of data recorded in a charge extraction experiment.
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2.2 Electrochemistry

The oxidation and reduction potentials of dyes in a solution of supporting electrolyte
are determined using cyclic voltammetry and differential pulse voltammetry. In a three
electrode setup a potential is applied at the working electrode relative to a reference
electrode, and current flows between the working and counter electrodes through a solution
of supporting electrolyte containing the analyte. The redox potential of species at the

working electrode is given by the Nernst equation:!

Cox
Cred

E = E% eqox — kpT In(=2%) (2.12)

Where E is the electrode potential, EY dox is the redox formal energy, kg and T are
the Boltzmann constant and temperature. Cy and C,.q are the concentrations of oxi-
dised and reduced species, respectively. The current is recorded as the applied voltage
is scanned across a potential range in the forward and reverse directions to give a cyclic

voltammogram, shown in Figure 2.6.

A_nod.ic Depletion of analyte
(oxidative) concentration at
current

surface

Capacitive
current
—

Current (A)

Re-reduction
cathodic current

v

Voltage (V)

Figure 2.6: Representation of the typical shape of a cyclic voltammogram of a reversible process. Epa and
Epc are the peak potentials of anodic and cathodic current, respectively; AEp is the difference between

EPA and Epc .

When scanning from positive to negative, capacitive current flows until £ .40« is reached

and reduction begins. The cathodic current increases until the surface concentration of
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the species at the electrode drops. In the case of a reversible reduction, the backward

scan will cause the species to be re-oxidised and anodic current will flow.

For an organic molecule the oxidation potential determined from cyclic voltammetry is
the potential at which an electron is removed from the HOMO level, and the reduction
potential is the potential at which an electron is accepted by the LUMO level. From the
cyclic voltammogram of oxidative and reductive processes, the HOMO-LUMO energy can
be estimated. Typically this is used in conjunction with visible absorption and emission

spectroscopy to give an estimate of the excited state energy.

2.3 Spectroscopic techniques

2.3.1 Steady state spectroscopy

Ultraviolet-visible spectroscopy probes valence electron transitions. The wavelength of
absorption is a measure of the energy separation between electronic states, with accom-
panying changes in vibrational and rotational structure causing a broad absorption peak.
The solar spectrum has maximum irradiance in the visible region so materials which have
energy transitions between 1.4 €V to 4.0 eV absorb in this region. Transitions correspond-

ing to this energy range are from p, d and 7 orbitals.

The molar absorption coefficient ( &, dm® mol* ecm™) of a molecule gives a measure of

how well the molecule absorbs light, and is defined by the Beer-Lambert Law:

I
logm?o =excexl (2.13)

Where [ and I are the intensities of incident and transmitted light, respectively. ¢ is the
molar absorption coefficient, ¢ is the concentration of the sample in solution, and [ is the

path length of the sample.

Fluorescence spectroscopy is used to evaluate the radiative decay process of photogen-
erated singlet excited states,™'? and this process is labelled on the Jablonksi diagram in
Figure 2.7. The energy where the absorption and emission spectra intersect is the Eq g
energy, which is the energy difference between the Sy ground state and the S; excited

state. This gives an estimate of the HOMO-LUMO energy transition.
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Figure 2.7: An example Jablonski diagram, Sy is the ground state, S; and So are excited singlet states.

T, is an excited triplet state.

The quantum yield of fluorescence (®r) is the ratio of photons emitted as fluorescence to
photons absorbed. This is determined by comparing the integration of the fluorescence
spectrum of a sample with unknown quantum yield to that of a reference sample with

known quantum yield.

2.3.2 Time-resolved spectroscopy

Time-resolved spectroscopic techniques are commonly used for the analysis of dye-sensitised

L1314 and involve monitoring the evolution and decay of short-lived species which

films,
have been generated by a laser pulse. Samples are excited with a short laser pulse and
visible (transient absorption) or infrared (time-resolved infrared) spectra are recorded at
various time delays after excitation. The excitation process is labelled in Figure 2.7. Tran-
sient species decay to the ground state via a radiative or non-radiative process which can
include the formation of charge-transfer intermediates. In this work these techniques are
used to monitor intramolecular charge transfer processes in solution and the formation of
a charge-separated state on a dye|semiconductor system, which occur on the picosecond to

nanosecond timescale. Figure 2.8 shows the general setup of a time-resolved spectroscopy

experiment. The wavelength of the excitation (pump) beam is usually in the visible re-
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gion. The probe beam is a white light beam for transient absorption or infrared beam
for time-resolved infrared spectroscopy. The delay time between the pump pulse and the

probe pulse is varied.

Beam stop
Pro be
Y
o '
/ Sample Detector
Delay

Figure 2.8: The main components of a time-resolved spectroscopy setup.

The information is presented as the absorption change over time for a specific wavelength,
or the absorption change for the measured spectral range at a specific time delay. The
decay of transient species can be fit using single-point or global analysis. For single-point
analysis the exponential decay is fit for a given wavelength. Where there are multiple time
components associated with the decay, multi-exponential fits are used. In some cases the
components of a multi-exponential fit are averaged with a fractional amplitude weighting,

where A is the amplitude for a given time component, 7:

TAvy = (Al X ’7'1) + (AQ X 7'2) ...... (214)

Global analysis is used to extract the spectra of the transient species associated with
each time component where multiple species are present.! '8 Briefly, a model function
for each detection wavelength is constructed, with a number of starting lifetime values to
calculate each of the basic functions. The values are then optimised iteratively to obtain
a fit.!9 The amplitudes of each function are plotted against the detection wavelength to
give decay-associated difference spectra (DADS). Evolution-associated difference spectra

(EADS) are also generated and represent the spectral evolution for each time component.
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2.3.3 Spectroelectrochemistry

Intramolecular charge-separated states or dye|semiconductor charge-transfer intermedi-
ates contain species which have partial charges, and are observed in time-resolved spec-
troscopy experiments. To identify the nature of these species, oxidation and reduction of
a sample is performed electrochemically whilst visible or infrared absorption spectra are
taken. This requires an infrared or optically transparent cell which contains the sample
in a supporting electrolyte solution, which is placed in the path of a spectrometer. Refer-
ence, working and counter electrodes within the cell are connected to a potentiostat. As a
potential is applied and the reduced or oxidised species are generated, a series of spectra
are taken.

Reference

Pt wire electrode Pt wire

Reference

Pt | | electrode
grid I

i 7 Electrolyte

~I— solution
Sensitised Ti0O,
Sample/ ﬁ ) )

FTO-coated
electrolyte

) | lass
solution &

Figure 2.9: Spectroelectrochemical setup for solution (left) and film (right) experiments.

Alternatively a sensitised metal oxide film can be used as the working electrode, for
example titanium dioxide. This requires a smaller amount of material. When a potential
is applied, charge is passed through the metal oxide to the sensitiser which is oxidised or

reduced.
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Experimental

3.1 General methods

Anhydrous solvents were used for electrolyte solutions, dye baths, electrochemical mea-
surements, spectroelectrochemical measurements, time-resolved spectroscopy and synthe-
sis. Anhydrous acetonitrile was purchased from Fisher Scientific (99.9 %, over molecular
sieves). Dichloromethane was distilled over calcium hydride. Deuterated solvents were
purchased from Fluorochem. All other reagents and chemicals were purchased from Sigma

Aldrich unless stated otherwise.

3.2 Solar cells

3.2.1 Electrodes

Nickel oxide working electrode

Nanostructured nickel oxide films were prepared from a nickel solution according to a
modified literature procedure.! Anhydrous nickel(IT) chloride (1 g, Alfa Aesar) was dis-
solved in ethanol (7.6 mL) and distilled water (6 mL). A templating polymer (Pluronic®
F108, poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)) (1
g) was added and the solution was stirred overnight. The solution was left in the fridge
to prevent evaporation of the solvent for 3-4 weeks, and centrifuged immediately prior to

use. Solutions kept at room temperature became cloudy more quickly than those kept in
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the fridge.

Fluorine-doped tin oxide (FTO) coated glass (Pilkington, TEC15, resistance 15 /sq)
was used as a conductive substrate for the working electrode. The glass was cleaned by
immersing in soapy water (5 minutes, ultrasonic bath), 0.1 M hydrochloric acid in ethanol
(5 minutes, ultrasonic bath) and ethanol (15 minutes, ultrasonic bath). The glass was
then dried and a 0.25 cm? circular mask of Scotch® Magic" tape was applied. A drop of
the nickel solution was spread over the masked substrate using the side of a glass pipette.
The mask was then removed and the film was sintered in a muffle furnace (Nabertherm) at
450 °C for 30 minutes with a ramp time of 30 minutes. The sintering establishes electrical

contact between the nanoparticles.

_ 2™ o5 eme
5
3mm}

Figure 3.1: Representation of doctor-blading technique. From left to right, glass is masked; a drop of

solution is applied; the solution is spread over the mask; the mask is removed.

When cool, subsequent layers of solution were applied and the films were sintered after
each layer until the films were ca. 1.1 micrometer thick, which was usually after 4 ap-
plications of solution. Film thicknesses were measured on a Dektak®ST profiler. The
films were sensitised by immersion in a 0.3 mM solution of dye for at least 12 hours and

assembled into dye-sensitised solar cells or used for spectroscopic analysis.
Titanium dioxide working electrode

FTO coated glass (TEC15) was cleaned as described for nickel oxide working electrodes.
The glass was treated with a compact layer of titanium dioxide to adhere the nanoparticles
to the substrate and to block FTOlelectrolyte recombination. The addition of this block-
ing layer has been reported to increase the photovoltage of titanium dioxide dye-sensitised
solar cells.?? The glass was immersed in a 70 mM solution of titanium tetrachloride in
water, which was prepared by careful dilution of liquid titanium tetrachloride to obtain
a stock solution of 2 M concentration. The immersed glass was heated to 70 °C for 30

minutes. When cool, the glass was rinsed with water and ethanol and sintered at 450 °C
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in a muffle furnace for 30 minutes. A layer of paste containing 20 nm titanium dioxide
anatase particles (Dyesol /Greatcell Solar Limited, 18NR-T') was spread over the substrate
by doctor-blading method, dried at 125 °C on a hotplate and a second layer was applied
and dried. A scattering layer containing large titanium dioxide particles (Solaronix, Ti-
Nanoxide R/SP) was applied and the films were sintered at 500 °C for 30 minutes with
a ramp time of 30 minutes. A second titanium dioxide blocking layer was applied to
the films as before to increase the surface roughness of the film, aid dye adsorption and
increase the photocurrent.?* The films were sensitised as described for the nickel oxide

electrodes, by immersion in a dye bath containing 0.3 mM dye for at least 12 hours.
Counter electrode

Platinum counter electrodes were fabricated from FTO coated glass (Pilkington, TECS,
resistance 8 €2/sq). A 1 mm hole was first drilled into a corner of the glass which was then
cleaned by the same method as for the working electrodes. 1 pL/mm of chloroplatinic
acid in ethanol (HoPtClg, 4.8 mM) was dropped onto each electrode. The electrodes were
then heated to 400 °C for 15 minutes.

3.2.2 Redox couples

Todide/triiodide For nickel oxide dye-sensitised solar cells a typical electrolyte contained
0.1 M iodine (0.025 g) and 1.0 M lithium iodide (0.134 g) dissolved in acetonitrile (1
mL). For titanium dioxide solar cells additives were also added and electrolyte solutions
consisted of 0.01 M iodine (0.0038 g), 0.6 M tetrabutylammonium iodide (0.22 g), 0.5 M
tert-butylpyridine (0.08 mL) and 0.1 M guanidinium thiocyanate (0.012 g) dissolved in

acetonitrile (1 mL). Electrolyte solutions were prepared on the day of solar cell assembly.

[Co(II) (*bbpy)3Cl04)2| CoCly.6H,0 (0.246 g, 1 mmol, 1.1 eq.) and 4,4-di-tert-butyl-
2,2-dipyridyl (0.732 g, 2.73 mmol, 3 eq.) were suspended in a 5:1 HyO:MeOH mixture
and heated with stirring for 30 min. The solution turned dark brown over time. An excess
of LiClO4 in methanol was added and the solution was stirred for 30 min as a precipitate

formed. The precipitate was washed with methanol and diethyl ether and dried, giving
[Co(*bbpy)3ClO4)s] in 66 % yield (700 mg).

[Co(IIT) (*bbpy)3C104)3] CoCly.6H,0 (0.225 g, 0.95 mmol, 1.1 eq.) and 4,4’-di-tert-
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butyl-2,2’-dipyridyl (0.698 g, 2.6 mmol, 3 eq.) were suspended in a 5:1 HyO:MeOH mixture
and the solution was heated to near boiling with stirring for 30 min. HyO4 (0.82 mL, 9.5
mmol, 11 eq.) was added dropwise and stirred for 20 min. HCI (37 %) was added dropwise
until the solution was pale yellow. Water was added until the solution became clear. The
solution was cooled to room temperature and an excess of LiClO, in 1:1 H,O:MeOH was
added. The reaction was stirred for 1 hr and the precipitate was filtered and washed with

H,0 and diethyl ether, giving the product in 91 % yield (1.0 g).

3.2.3 Cell assembly

Sensitised titanium dioxide and nickel oxide working electrodes were sandwiched to pla-
tinised counter electrodes using a thermoplastic frame (Surlyn, 60 pm). The electrolyte
was introduced through the hole in the counter electrode using a vacuum-backfilling
method. The hole was sealed with a square of thermoplastic and a glass cover slip. Im-
provements to the electrical contact were made by painting the exposed faces of working

and counter electrodes with silver conductive paint (RS Components).

3.2.4 Current-voltage characteristics

Current-voltage curves were measured using an Ivium CompactStat potentiostat under
simulated sunlight from an Oriel VeraSol-2 Class AAA LED solar simulator, with an
intensity of 1000 W m™. To determine the photocurrent density and photovoltage for a

particular system, an average of three solar cells were fabricated and tested.

Charge lifetime and charge transport experiments were carried out over a range of bias
light intensities with a 10 % modulation, using an Ivium Modulight light source. An
Ivium CompactStat potentiostat was programmed to modulate the light intensity and to
monitor the changes in current and voltage. For charge lifetime experiments the cell was
illuminated under open-circuit conditions and the voltage decay was recorded as the light
intensity was modulated. For charge transport experiments the cell was illuminated at
short-circuit and the current response was monitored. Voltage or current decays were fit
to a single exponential function to give the lifetime for a corresponding current or voltage.
Charge extraction experiments were carried out using the same equipment. The cell was

illuminated at open-circuit until a constant voltage was reached. The light source was
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then switched off and the voltage was allowed to decay over a range of time intervals,
between 0.01 s and 5 s. The system was then switched to short-circuit and the current

decay over 10 s was integrated to give the charge.

3.2.5 External quantum efficiency

Incident photon-to-current conversion efficiency (IPCE) spectra were recorded using monochro-
matic light from an Oriel 300 Watt Xenon lamp with an AM 1.5 filter and a Cornerstone
monochromator. The system was calibrated against a certified silicon photodiode. A
dye-sensitised solar cell was placed in the path of monochromatic light and the current
response was measured using an Ivium CompactStat for wavelengths between 300 nm to

700 nm.

3.3 Synthesis

FAB2 (4-(di(1H-pyrrol-2-yl)methyl)benzonitrile)

1. Trifluoroacetic acid, 20 min

CZI
+

/

\

neat
\_NH HN 7/

II] FAB2
N
68 %

A three-necked round-bottomed flask was purged with nitrogen. Pyrrole (9 mL, 0.13 mol,
25 eq.) was added and nitrogen was bubbled through the liquid. 4-Cyanobenzaldehyde
(0.68 g, 5.2 mmol, 1 eq.) was added and stirred for 10 minutes. Trifluoroacetic acid (40 pL,
52 mmol, 10 eq.) was added dropwise and stirred for a further 20 min. The reaction was
quenched with aqueous sodium hydroxide (40 mL, 2 M) and diluted with ethyl acetate.
The organic layer was washed with water and dried over magnesium sulphate. After
filtration, the solvent was removed by rotary evaporation. The residue was taken up in
warm ethanol and water was added to yield a cream-coloured precipitate in 68 % yield

(875 mg). In chlorinated solvents the sample degrades over about 12 hours, visibly turning
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brown. The product was characterised by 'H and **C NMR spectroscopy. The full spectra
are given in the Appendix, Figures A.6 and A.7.

'H (CDCl3; 300 MHz) 8.03-7.94 (2H, s, br, NH), 7.60 (2H, d, J = 8.4 Hz, phenyl) 7.31
(2H, d, J = 8.1 Hz, phenyl) 6.74 (2H, m, pyrrole), 6.16 (2H, dd, J = 5.89, 2.84 Hz,
pyrrole), 5.87-5.84 (2H, m, pyrrole), 5.53 (1H, s, alkane) ppm. 3C NMR (CDCl3, 75
MHz): § 132.38, 130.93, 129.17, 117.88, 108.74, 108.18, 107.76, 58.50, 44.03, 18.45 ppm. .

FAB3 (4-(5,5-difluoro-5H-414,514-dipyrrolo|1,2-c:2°,1’-f][1,3,2]diazaborinin-10-
yl)benzonitrile)

N
Il
1. Chloranil, 2 hr
2. DIPEA, 1 hr
3. BF3.0Et, 1 hr
- e CH20|2
\_NH HN 7/ B
F F
FAB2 FAB3
22 %

Dipyrromethane FAB2 (0.85 g, 3.4 mmol, 1 eq.) in 20 mL dichloromethane was added to
a three-necked round-bottomed flask and the flask was purged with nitrogen. Chloranil
(0.85 g, 3.4 mmol, 1 eq.) was added and the solution turned from a clear orange/brown to
dark brown. After 2 hours stirring, diisopropylethylamine (DIPEA) (6.5 mL, 37.4 mmol,
11 eq.) was added and stirred for a further 1 hour. Boron trifluoride diethyl etherate
(7.6 mL, 61.2 mmol, 18 eq.) was added dropwise and the reaction was stirred. After
1 hour the solution was diluted with dichloromethane and the organic layer was washed
with water. The solution was dried over magnesium sulphate, filtered and concentrated by
rotary evaporation. The crude product was purified by flash column chromatography over
silica with dichloromethane eluent. The solvent was removed and the purified product
was collected as a dark green powder in 22 % yield (220 mg). Crystals were grown by
slow evaporation in dichloromethane and these were analysed by X-ray crystallography.
The 3C NMR spectrum was assigned based on the HSQC spectrum, which is shown in
the Appendix together with the 'H and '3C spectra, Figures A.8, A.9 and A.10.
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'H NMR (CDCls; 300 MHz) 7.99 (2H, s, pyrrole), 7.85 (2H, d, J = 8.4 Hz, phenyl), 7.69
(2H, d, J = 8.4 Hz, phenyl), 6.84 (2H, d, J = 4.2 Hz, pyrrole), 6.58 (2H, d, J = 3.6
Hz, pyrrole) ppm. 3C NMR (CDCls; 126 MHz) 145.4, 144.2, 138.1, 134.5, 132.2, 131.2,
130.9, 119.3, 117.8, 114.6 ppm. 65 NMR (96 MHz) 0.23 (t, J = 29 Hz). 6p NMR (282
MHz) -145.0 (q, J = 28 Hz). LC-MS: m/z calcd. for C1I6H10BF2N3Na; 316.0834, found;
316.1260 ([M]"). FTIR (neat, transmission): v = 2233, 1566, 1540, 1388 cm™.

FAB4 (10’-(4-cyanophenyl)-214,4’14-spiro[benzo[d][1,3,2]dioxaborole-2,5’- dipyrr-
olo [1,2-c:2°,1’-f][1,3,2]diazaborinine]-5-carboxylic acid)

1. AICl;, 15 min
2. 20 min
0]
HO
OH
HO
B CH,Cl,
F F OH
FAB3 o)
FAB4
39 %

FAB3 (150 mg, 0.5 mmol, 1 eq.) was added to a two-necked round-bottomed flask which
was purged with nitrogen. Distilled dichloromethane (30 mL) was added followed by
aluminium chloride (340 mg, 2.6 mmol, 5 eq.). The flask was heated slightly and stirred for
15 min during which the solution turned from orange to dark pink. 3,4-Dihydroxybenzoic
acid (0.39 g, 2.6 mmol, 5 eq.) in acetonitrile was added and the reaction was stirred for
20 min. The organic layer was washed with dilute aqueous hydrochloric acid (1 M, 20
mL), then with aqueous sodium bicarbonate (20 mL). The organic layer was dried over
magnesium sulphate, filtered and the solvent was evaporated to afford a dark pink solid in
39 % yield (80 mg). Recrystallisation attempts were unsuccessful as catechol impurities
did not separate from the product. The product was characterised by 'H and *C NMR
spectroscopy. The full spectra are given in the Appendix, Figures A.11 and A.12.
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'H NMR (d-DMSO, 700 MHz) 8.11 (2H, d, J = 8.5 Hz), 7.92 (2H, d, J = 8.5 Hz), 7.88
(2H, t, 1.5 Hz), 7.50-7.49 (1H, dd, J = 8.0, 1.8 Hz), 7.30 (1H, d, J = 1.9 Hz), 7.10-7.09
(2H, dd, J = 4.3, 1.1 Hz), 6.86 (1H, d, J = 8.1 Hz), 6.67-6.66 (2H, dd, J = 4.3, 2.0 H)
ppm. 3C NMR (d-DMSO, 175 MHz) § 168.0, 155.7, 151.2, 147.0, 145.8, 145.1, 137.6,
134.4, 134.2, 133.1, 132.9, 131.4, 131.8, 129.6, 123.4, 122.5, 120.6, 118.7, 114.0, 110.2,
109.3 ppm. LC-MS: m/z caled. for C23H14BN304Na; 430.0975, found; 430.0981 ([M]").
FTIR (neat, transmission): 2231, 1673, 1568, 1541, 1413, 1386 cm™.

3.4 Electrochemistry

Cyclic voltammetry and differential pulse voltammetry experiments were recorded using
an Ivium CompactStat or Ivium Stat potentiostat. Solutions were purged with nitrogen
prior to the experiment and distilled solvents were used. Tetrabutylammonium hexafluo-
rophosphate was recrystallised when received from Sigma Aldrich. Non-aqueous reference
electrode kits were purchased from BASi and filled with a solution of supporting elec-
trolyte containing 10 mM silver nitrate prior to using. Reference electrodes were stored

in the fridge with the Vycor glass frits immersed in solvent when not in use.

3.5 Spectroelectrochemistry

For solution experiments, an OTTLE (optically transparent thin layer electrochemical)
cell was used. The components of an OTTLE cell are shown in Figure 3.2. The holder
contains a silver wire reference electrode, a platinum grid working electrode and a platinum
wire counter electrode, sandwiched between two PTFE spacers. The spacers are held
tightly between two calcium fluoride windows. The holder was manually tightened to
ensure the cell did not leak. The electrodes were connected to an external circuit and
the electrochemical parameters were controlled by an Ivium CompactStat potentiostat.
An Ocean Optics USB2000+ VIS-NIR fibre optic spectrometer was used for experiments
in the visible region. The OTTLE cell was placed in front of the spectrometer in the
path of a tungsten /halogen light source. The cell was filled with a solution of supporting
electrolyte and a background spectrum was taken prior to the experiment. When the
analyte was added, the Ivium CompactStat was programmed to apply a potential range

stepwise.
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Figure 3.2: Setup of an OTTLE cell. Image adapted from ref [5].

Each potential step was held for ca. 10 seconds, allowing an absorption spectrum to be
taken at each step. For infrared spectroelectrochemical experiments, deuterated chloro-
form was used as the solvent as it gave the fewest solvent bands in the measured window

(2500 cm™ to 1000 cm™).

For film experiments where little sample was available, a titanium dioxide film on FTO
coated glass was used as the working electrode with a silver/silver™ reference electrode
and a platinum wire counter electrode. Titanium dioxide films were prepared by doctor-
blading one layer of transparent titanium dioxide paste onto a rectangle of FTO coated
TEC15 glass as described in Section 3.2.1. The film was then sensitised by immersing in a
solution of dye for a few hours. The sensitised film was placed in a quartz cuvette with a
solution of supporting electrolyte in organic solvent. The cuvette was placed in the path
of an Ocean Optics USB2000+ VIS-NIR fibre optic spectrometer, and absorption spectra

were taken as a potential was applied to the titanium dioxide film.

3.6 Steady state spectroscopy
3.6.1 Ultraviolet-visible and fluorescence

Visible spectra of sensitised nickel oxide and titanium dioxide films were measured on
an Ocean Optics USB2000+ VIS-NIR fibre optic spectrometer with a tungsten halogen

light source. Electronic absorption and emission spectra in solution were recorded in
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a 1 cm quartz cuvette. Electronic absorption spectra were measured on a Shimadzu
UV-1800 UV Spectrophotometer. Fluorescence spectra were recorded on a Shimadzu
RF-6000 Spectrofluorophotometer. Fluorescence lifetime measurements were recorded
on a Horiba Easylife Fluorescence Lifetime system with an LED excitation bulb of ca.
400 nm. The lifetime was determined using the software provided on the instrument by
iterative reconvolution of the instrument response function (IRF) and the true exponential
decay combined with the least squares minimisation. Fluorescence decays were fit with a
single or bi-exponential function. Quantum yields of fluorescence for samples in solution
were recorded by integrating the emission spectra of samples of varying concentration
with known absorbance values. Emission spectra of Rhodamine 6G were also taken.
The integration was plotted against the absorbance value at the excitation wavelength
and Equation 3.1 was used to calculate the emission quantum yield of the sample, ®x,

relative to that of Rhodamine 6G, ®gr. (Pgr in ethanol is 0.95).

Dy = gy (3.1)

Gradgr nst?

Gradx and Gradgr are the gradients for each sample and nx and ngt are the refractive

indexes of the solvents.

3.6.2 Infrared

Solid samples were mixed with potassium bromide (99 %, spectroscopic grade, Fisher
Scientific) using a pestle and mortar and pressed into disks. The infrared spectra were
measured on a Varian FTS 800 FT-IR spectrometer. For samples of dyes adsorbed on
nickel oxide, sensitised films were removed from the FTO substrate with a spatula and

potassium bromide disks were prepared as described above.

3.7 Time-resolved spectroscopy

3.7.1 Transient absorption

Two transient absorption setups were used, both operating a general pump-probe tech-
nique. The first (Lund University, research group of Toénu Pullerits) consisted of a

Ti:Sapphire laser (Mai-Tai, Spitfire; Spectra Physics) which generates 800 nm, 80 fs pulses
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at a rate of 1 kHz.

Sapphire
; ; 800 nm, 80 fs White light continuum
Ti:Sapphire
laser 1 kHz

Beam stop

Detector

Sample
‘/'&\r‘ﬂ Pump wavelength
X ¥ Chopper
o 500 Hz
Beam stop

CaF,
/7 White light continuum

Ti:Sapphire

Oscillator laser 10 kHz Trigger delay
68 MHz 7up to 100 ps
20 fs

Detector
Sample
Ti:Sapphire
laser 1 kHz 800 nm

OPA
Pump wavelength

Variable delay
up to 14.7 ns

Figure 3.3: General pump-probe time-resolved spectroscopy setup. Top: Lund Laser Centre, Lund

University. Bottom: ULTRA, Rutherford Appleton Laboratory, Harwell Research Campus.

The beam is split into a pump beam and a probe beam. The pump wavelength is generated
with a non-collinear optical parametric amplifier (OPA, Topas, Light Conversion) and the
probe beam is passed through a thin sapphire plate to generate a white light continuum.
The two beams are set to overlap at the sample, at a 'magic angle’ of 54.7 degrees to avoid
the observation of dynamics connected to transition dipole rotation. The probe beam is
dispersed on a photodiode array coupled to a spectrograph (Pascher Instruments). The
pump beam is intermittently blocked with a 500 Hz chopper, and the transient absorption
signal was calculated from the difference between spectra of two consecutive probe pulses
passing through excited and unexcited sample, respectively. The excitation intensity used
(80 uJ ecm™, 2 x107!* photons cm™?) did not lead to any visible photodegredation of the

samples over the measurement period.

The second setup (ULTRA, Central Laser Facility, Rutherford Appleton Laboratory, Har-
well Research Campus) operates a time-resolved multiple probe (TRMPS)®" setup to al-
low short (sub picosecond) and long (up to millisecond) processes to be monitored in the
same experiment. Two Ti:Sapphire lasers (Thales Laser) are seeded by a 68 MHz oscilla-

tor. The 68 MHz oscillator is divided down to operate the probe laser at a rate of 10 kHz.
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This is then divided down to trigger the pump laser at 1 kHz. For short pump/probe
delays (<14.7 ns) the oscillator beam is sent along a translational stage. For longer delays
up to 100 us a combination of translation delay and electronic delay of the pump beam
trigger are used. The first probe pulse catches processes up to 100 ns, subsequent probe
beams catch processes up to 1 ms. The pump wavelength is tuned by an OPA and the

probe beam is focused on calcium fluoride to generate the white light continuum.

The setup at Lund University was used for BOD1-5 discussed in Section 4.3, with an
excitation wavelength of 532 nm and a pump energy of 80 uJ cm™? (2 x10'* photons
cm™). The setup at the Central Laser Facility was used for CAD dyes in Section 4.4 and
bodipy-polyoxometalate hybrids in Chapter 5 with an excitation wavelength of 532 nm
and a pump energy of 1.3 pJ cm™? (3 x10'? photons cm™?).

3.7.2 Time-resolved infrared

Time-resolved infrared experiments were performed on the ULTRA system, Central Laser
Facility, Rutherford Appleton Laboratory, Harwell Research Campus. The general exper-
imental principles are similar to transient absorption spectroscopy except that a mid-IR
infrared probe beam and IR detector were used. Two titanium:sapphire amplifiers (10
kHz and 1 kHz) were synchronised using a 65 MHz oscillator. The 1 kHz pump beam
was tuned to 532 nm by an OPA. The mid-IR was set to generate 10 kHz, 50 fs infrared
pulses by difference frequency generation of an OPA. A mercury cadmium telluride array

1

detector measured IR spectra over a 500 cm™ spectral window. This setup was used for

P1 and BOD2 in Section 4.5 and CAD dyes in Section 4.4.

3.7.3 Sample preparation

For samples in solution, a Harrick cell (Harrick Scientific Products) with two calcium fluo-
ride windows and a 200 pm spacer was filled with a solution of dye to give an absorbance
around 0.3 and the cell was sealed. For experiments on nickel oxide films, a compact
nickel oxide layer was first applied to a calcium fluoride window by spraying a saturated
solution of anhydrous nickel chloride dissolved in acetylacetone onto the surface of the cal-
cium fluoride on a hot plate set to 450 °C. The compact layer creates a transparent, rough

surface to help nanoparticles adhere to the window and create a transparent film. A layer
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of nickel chloride solution (described in Section 3.2.1) was then applied by doctor-blading

method and the films were sintered. The films were then sensitised by immersing in a

solution of dye overnight. One layer of nickel solution is generally thick enough to give

an absorbance of 0.3 at the excitation wavelength when sensitised. Sensitised NiO|CaFy

windows were placed in a Harrick cell and either flushed with nitrogen (dry film experi-

ments) or filled with electrolyte or solvent. Samples were rastered during the experiment

to avoid degradation of the sample.
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Photoinduced Charge Transfer of
Push-pull Dyes at the NiO Interface

4.1 Aims

The aim of this chapter is to monitor the photoinduced charge transfer processes of
dyes with a push-pull structure when adsorbed onto p-type nickel oxide films. Charge-
separated state lifetimes were determined using ultrafast time-resolved spectroscopy for
boron dipyrromethene and cationic dyes on nickel oxide in the presence and absence of a
redox electrolyte. The excited state dynamics are related to the performances of p-type

dye-sensitised solar cells assembled with these compounds.

4.2 Introduction

As discussed in the introduction to this thesis, a major limiting factor of nickel oxide p-
type dye-sensitised solar cells is the fast charge-recombination which occurs between the
reduced dye and holes in nickel oxide following charge-injection. Long-lived (microsec-
ond) charge-separated state lifetimes on nickel oxide have been observed for some metal

12 and molecules with long 7 bridges (commonly oligothiophene) attached to

complexes
naphthalenediimide acceptor groups.®” Similarly, dyes with a push-pull design aim to re-
duce the rate of charge-recombination by moving electron density in the dye away from the
nickel oxide surface towards acceptor groups, as shown by the representation in Figure 4.1.

In these systems the anchor group is attached at the donor to locate the acceptor group

65



Chapter 4

furthest from the surface when adsorbed on nickel oxide, which is the opposite structure
to push-pull dyes for n-type titanium dioxide systems where the anchor is located near to

the acceptor group.

a)
Electron density

Anchor N

Donor Bridge = Acceptor

Donor  Bridge = Acceptor

Figure 4.1: The general structure of a push-pull dye. a) When dissolved in solution; b) when adsorbed

onto a nickel oxide film.

Push-pull dyes for p-type nickel oxide dye-sensitised solar cells were first introduced by
Qin et al. with the dye P1.8'! This dye gave a particularly high solar cell performance
which was attributed to the favourable alignment of energy levels between the dye, valence
band of nickel oxide and the iodide/triiodide redox couple, and also the interactions of
the malononitrile acceptor groups with species in the electrolyte which was reported to
promote regeneration. There are many examples of dyes with similar structures to P1,
containing a triphenylamine donor group and malononitrile acceptor groups,'? !¢ though
P1 is still used as a benchmark dye. Variations to this structure have included modifying
the acceptor groups, the anchor-donor bridge and the donor-acceptor bridge.'®?° Some of
these structures are shown in Figure 4.2. Our group has reported a number of push-pull
dyes for p-type dye-sensitised solar cells, including those with cationic indolium acceptor
groups (CAD1-3)'%2! and boron dipyrromethene (bodipy) acceptor groups!® (BOD2, la-
belled as 1 in Figure 4.2). The photoinduced dynamics of P1, BOD2 and CAD3 will be
discussed in this chapter, along with those of some new dyes which have not been reported

prior to this work.
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Figure 4.2: Structures of push-pull dyes with triphenylamine donor groups which have been used in p-
type nickel oxide dye-sensitised solar cells. P1, ref [8]; T3, ref [14]; QT-1, ref [15]; O7, ref [13]; BH4, ref
[17]; P2, ref [8], zzx-0opl-2, ref [22]; 1, ref [18]; CAD1,CAD2 ref [21]; CAD3, ref [19)].
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4.3 Boron dipyrromethene

Contributions for Section 4.3: Transient absorption spectroscopy and photovoltaic mea-
surements of bodipy dyes were carried out by the author except for the transient absorption
spectroscopy of BOD2 and the photovoltaic properties of BODS3 which have been reported
previously by our group.’®1 Any other spectroscopic analysis was performed by members

of the group.

4.3.1 Introduction

Boron dipyrromethene (bodipy) molecules are a class of organic molecules known for
their high molar absorption coefficients, good chemical stability and wide variety of syn-
thetically available structures.?? The full name 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene
refers to a dipyrromethene ligand chelated to a boron atom, usually a boron difluoride
group. There are many examples of n-type titanium dioxide dye-sensitised systems which
use molecules containing bodipy groups and these have been reviewed by Singh et al.?* In
such systems, bodipy groups are most commonly used as acceptors in a push-pull design
appended to a triphenylamine donor, with power conversion efficiencies reaching over 6
%.25 Despite this, the only research into bodipy photosensitisers for p-type dye-sensitised

solar cells has been carried out by our research group.

The synthesis and photovoltaic properties of a bodipy analogue of P1 have been reported
by the group of Gibson with the molecule BOD2, shown in Figure 4.2.'8 Transient absorp-
tion spectroscopy of BOD2 revealed the formation of a long-lived charge-separated state
on nickel oxide, 7 = 180 ns. Despite a slower charge-recombination rate for BOD2|NiO
relative to P1|NiO (7 = 200 ps), the photovoltaic performance of BOD2 was lower. An
in-depth time-resolved infrared study of P1 and BOD2 is presented later in this chapter
in Section 4.5. Here, the photovoltaic performances and charge-separated state lifetimes
of a series of triphenylamine-bodipy push-pull dyes are compared with those of BOD2 to
determine the relationship between structure and solar cell performance for this class of
sensitisers. The structures of these bodipy dyes (BOD1-5) are shown in Figure 4.3, dif-
fering in the substituents around the bodipy acceptors and the lengths of donor-acceptor

and anchor-donor bridges.
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BOD4 BODS

Figure 4.3: Structures of boron dipyrromethene push-pull dyes studied in this section.

BOD1 contains a 2,8-diethyl-1,3,7,9-tetramethyl bodipy core with a benzoic acid anchor
group at the meso position, and is used here as a reference molecule for the bodipy group.
BOD2 and BOD4 contain bodipy groups with the same substituents as BOD1, connected
to a triphenylamine donor group directly or via a thiophene 7 bridge for BOD4 and
BOD2, respectively. The bodipy groups of BOD3 and BOD5 are unsubstituted at the
[ positions, allowing greater rotational freedom around the bond at the meso position.

BOD4 and BOD5 contain an extra phenyl spacer on the anchor-donor bridge.

4.3.2 Steady state absorption

The electronic absorption spectra of BOD1-5 in dichloromethane solution were recorded
by members of the group and are shown in Figure 4.4. The full photophysical properties of
these dyes are listed in ref [26], and selected values are given in the Appendix in Table A.1.
The absorption profiles of BOD1 and BOD4 are similar, with a sharp Sp-S; absorption
band between 500 nm and 550 nm with a shoulder at higher energy which is typical of

the absorption spectrum of a bodipy.2?
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Figure 4.4: Electronic absorption spectra of BOD1-5 in dichloromethane, plotted from raw data provided

by members of the group.?8

BOD2-5 absorb strongly in the visible region with molar absorption coefficient values
higher than that of P1 (¢ = 57 900 dm® mol! ¢cm™). The molar absorption coefficient of
BODL1 is lower than BOD2-5 due to the increased probability of a 7w-7* transition when
two bodipys are present in one molecule. The addition of a thiophene 7 bridge shifts
the absorption band of BOD2 to lower energy by 15 nm relative to BOD1 and BODA4.
The molar absorption coefficients of BOD3 and BOD5 are slightly lower than BOD2 and
BOD4 which is likely due to a switch from 7-7* transitions to charge transfer transitions
for BOD3 and BODb5, which is consistent with their solvatochromic nature and decrease
in the emission quantum yield of BOD3 and BOD5 relative to the other dyes.?® The
shape of the main absorption bands of BOD3 and BOD5 are also broader and red-shifted
by 20 nm relative to BOD2 due to more extensive conjugation in the former systems as
there is greater rotational freedom around the bodipy groups at the meso position. This
is consistent with density functional theory calculations which were performed for these
molecules by members of the group and can be found in the ESI of ref [26]. A red-shifted
absorption profile minimises spectral overlap of the photoanode and photocathode in a

tandem dye-sensitised solar cell, as has been demonstrated for a BOD3|NiO photocathode
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with a D35|TiO, photoanode.?
4.3.3 Transient absorption spectroscopy

Ultrafast transient absorption spectroscopy was used to investigate the formation and
subsequent recombination of the dye’|NiO" charge-separated state. The full experimen-
tal setup is given in Section 3.7. Briefly, solution and film samples were excited with a
532 nm laser pulse, and the electronic absorption spectrum was probed with a white light
beam at various time delays after excitation. The data was analysed using a single-point
method, where the change in absorbance at selected wavelengths was fit to a single or
multi-exponential decay function. For BOD3 and BODS5 global analysis of the transient
absorption spectra was used to extract the lifetimes associated with species whose spec-
tra overlap. The transient absorption spectra of BOD1, BOD3, BOD4 and BODS5 in
dichloromethane solution and absorbed on films of nickel oxide are given in Figure 4.5,

with the lifetimes from single-point analysis given in Table 4.1.

The transient absorption spectra of BOD1 and BOD4 contain similar features both in
dichloromethane and when adsorbed on nickel oxide. In dichloromethane the negative
signal which extends from 550 nm to 650 nm is attributed mainly to stimulated emission,
as the ground state absorption band is narrow for these dyes and is masked by laser scatter.
This decays with 7 = 2.3 ns for BOD1 which is similar to the fluorescence lifetime of this
dye, 7rr, = 3.3 ns, whereas the stimulated emission decay of BOD4 contains an additional
fast component (71 = 18 ps). The fluorescence lifetimes can be found in the ESI of ref [26]
and the emission spectra are given in the Appendix, Figure A.2. This stimulated emission
arises from the interaction between an excited molecule and the probe pulse, which results
in the emission of a photon.?” The sharp transient signal which absorbs between 460 nm
and 500 nm for BOD1 and BOD4 in dichloromethane is assigned to the first singlet excited
state, and is similar to the initial species formed in the transient absorption spectra of
BOD2.'® For BOD2 this band evolved over 400 ps to form a long-lived triplet excited
state with a sharp absorption at 425 nm (7 = 300 ns). For BOD1 and BOD4 however,
this band forms within the time resolution of the experiment (ca. 0.5 ps) and decays to

the ground state with 7 = 1.1 ns for BOD1 and 7 = 800 ps for BODA4.
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Figure 4.5: Transient absorption difference spectra of bodipy photosensitisers at selected time delays

following excitation at 532 nm. Left) in dichloromethane solution; right) adsorbed on nickel oxide.
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Lifetime, ps

Dichloromethane NiO
BOD1 Tara = 1100 £90 Tiss — 4.1 £0.6
Ts04 = 2300 £300 7560 = 0.7 £0.1
ABOD2 7405 — 21 £3 (11%), 864 000 £28 000 (89%)  T425 — 13 £3 (70%), 49 000 £28 000 (30%)
Ta70(growth) = 9.52 £0.91 Ts15 = 10 £1 (86%), 23 000 +10 000 (14%)
T470 = 396 000 £33 000 Ts7s = 24 +3 (78%), 177 000 £59 000 (22%)
Tsoo(growth) = 14.1 £1.2
Ts00 = 413 £50 (20%),
896 000 426 000 (80%)
Tes0 = 292 000 £31 000
BOD3 Ta72(growth) = 0.8 £0.04 Tara = 4.9 £0.1 (45%), 580 £40 (55%)
Tara = 190 £10 Teoo = 7.2 0.6 (65%), 443 +64 (35%)
7563 = 0.6 £0.03 (45%), 190 10 (55%) T700 = 6.5 £0.4
Tes0(growth) = 1.3 +0.1 T700(rise) = 780 +500
Te50 = 210 £100
Teso(bleach decay) = 1.3 £0.1
BOD4 T4s1 = 800 £100 Tass = 5.0 £1.0
Ts06 = 18 +1 (70%), 2700 600 (30%) Tors = 2.6 £0.5
T710(growth) = 25 +3
T710 = 3800 £900
BOD5 Tars = 5.8 £0.7 (39%), 61 +4 (61%)

Te11 = 3.8 £0.1 (65%), 68 +4 (35%)
T705(gI‘OWth) = 1.2 £0.1
T705 — 68 +2

Te06 = 1.1 £0.1 (60%), 470 £70 (40%)
Teo3 = 0.1 £0.01 (76%), 13 £1 (24%)

Table 4.1: Lifetimes derived from single-point analysis of transient absorption spectra at selected wave-

lengths. Where a bi-exponential function is used, the amplitudes of each component are given in brackets.

2Values taken from ref [18]. Aexc = 532 nm.

For all BOD1 and BOD3-5, the experiment was performed in the region where the triplet

excited state was observed for BOD2 (ca. 400 nm to 450 nm) but no signal was present for

any of the dyes. The regions where signals were observed are therefore shown in Figure 4.5.
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There was no long-lived signal unaccounted for in the ground state bleach of any of BOD1
or BOD3-5 which supports that no triplet excited state was formed. The kinetic traces
of the negative signals are given in the Appendix, Figure A.3. An additional positive
signal is present for BOD4 at later time delays which absorbs weakly around 680 nm,
and resembles an oxidised form of triphenylamine (TPA"").?® This suggests the formation
of an intramolecular charge-transfer excited state, though the bodipy radical (bodipy™),
which has been reported at 580 nm for similar systems and from spectroelectrochemical
measurements, is not observed. This may be due to overlap of this species with stimulated

emission.

When adsorbed on a nickel oxide film, a small amount of stimulated emission is present
for both BOD1 and BOD4. The positive signal between 450 nm and 500 nm grows within
the time resolution of the experiment and decays on a much shorter timescale compared
to solution, 7 = 4.1 ps and 7 = 5.0 ps for BOD1 and BOD4, respectively. The spectra of
BOD1|NiO contain a broad absorption from 600 nm across the measured wavelengths to
720 nm, which is suggestive of holes in nickel oxide.? A small positive signal at 580 nm
is also present for both BOD1 and BOD4, which resembles bodipy™, but the signal is too
weak to resolve meaningful kinetics in either case. The presence of this signal, which is
shown in an expansion of this region in Figure 4.6, suggests that the first singlet excited
state is rapidly quenched by charge-injection from nickel oxide. Fast charge-recombination
is expected for BOD1 as there is very small spacial separation between the bodipy acceptor
and the nickel oxide surface.

1
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Figure 4.6: Expansion of the transient absorption spectra of BOD1 and BOD4 adsorbed on nickel oxide,

at selected time delays following excitation at 532 nm, showing weak signals resembling bodipy ™.
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The transient absorption spectra of BOD3 and BOD5 have much broader ground state
bleaches relative to the other bodipy dyes in this series, which is consistent with their
respective ground state absorption profiles. The transient absorption spectra of BOD3 in
dichloromethane contains a broad negative signal between 650 nm and 720 nm at early
time delays which is attributed to stimulated emission, and a second bleach between 530
nm and 600 nm which is attributed to the ground state absorption. A transient band
which absorbs between 600 nm and 650 nm grows over 1.3 ps, as the stimulated emission
decays on the same timescale. This transient is attributed to the first excited singlet
state, and broadens and blue-shifts over 1 ps to resemble bodipy™ . This peak decays with
7 = 210 ps, together with the positive signal at 460 nm (7 = 190 ps). This suggests the
formation of the intramolecular charge-transfer excited state TPA"bodipy~, although the
broad peak of TPA™" which absorbs between 650 nm and 720 nm which was observed for
BOD4 in solution is not present for BOD3. As the spectra of the first excited singlet state
and the charge-transfer excited state overlap, a global analysis method of the transient
absorption data was used,* as described in the Theory Section 2.3.2, and the results
are shown in Figure 4.7. Lifetimes given by the decay-associated difference spectra are
consistent with those obtained from single-point analysis, and the evolution-associated
difference spectra show the first excited singlet state and emission (black line), and the

charge-transfer excited state (red line).

When BOD3 is adsorbed on nickel oxide, the bleach indicating stimulated emission is
absent, and the ground state bleach is red-shifted and broadened due to interactions
between the dye and nickel oxide. The transient species which absorbs between 460 nm
and 500 nm and at wavelengths longer than 650 nm resembles BOD3" which was generated
electrochemically?® and is consistent with rapid formation of the charge-separated state.
The transient which absorbs at 472 nm was fit to a bi-exponential decay function to
give fast and slow components (77 = 4.9 ps, 7o = 580 ps), but the transient at longer
wavelengths overlaps with the ground state absorption and as a result kinetic information
was difficult to extract. Global analysis of the transient absorption spectra of BOD3|NiO
(Figure 4.7) extracted the spectrum of the charge-separated state (blue line), which is
slightly red-shifted from the charge-transfer excited state at 475 nm (green line). The
charge-separated state lifetime of BOD3 is considerably longer than BOD1 and BODA.

I0)



Chapter 4

51 a)BOD3 CH,CI, —1.1ps 5| P)BOD3CHCI, —
—— 270 ps 1 -2
N /\ =,
~ ~
x x
S b
-5
-5
450 480 600 650 700 450 480 600 650 280
Wavelength (nm) Wavelength (nm)
5
c) BOD3|NiO 56 ps d) BOD3|NiO
21 &QQ — 793 ps /’\ !
— — /m
o © o ©
~ ~
= =
2 f
-5
0 600 650 700

450 48 450 480 600 650 700

Wavelength (nm) Wavelength (nm)

Figure 4.7: Results from global analysis of transient absorption data of BOD3. Left) decay-associated

difference spectra; right) evolution-associated difference spectra.

The photoinduced dynamics of BOD5 in dichloromethane are less complicated than for
BOD3. The negative signal which contains the ground state bleach and the stimulated
emission extends from 450 nm to 650 nm, and was fit to a bi-exponential function which
contained two components on a picosecond timescale (717 = 3.8 ps, 7o = 68 ps). A transient
species which absorbs between 660 nm and 720 nm grows with 7 = 1.2 ps, then decays
with 7 = 68 ps, and is attributed to the charge-transfer excited state. When BOD5 is
adsorbed on nickel oxide the ground state bleach is red-shifted but narrower than for the
solution spectra, which is consistent with quenching of stimulated emission on nickel oxide.
Single-point analysis of the broad transient at longer wavelengths suggests fast dynamics.
However results from global analysis (Figure 4.8) reveal a longer-lived species (500 ps,
blue line) which has a weak absorption at longer wavelengths and this is attributed to the

charge-separated state.
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Figure 4.8: Results from global analysis of transient absorption data of BOD5. Left) decay-associated

difference spectra; right) evolution-associated difference spectra.

In general, the absorption spectra of the charge-transfer excited state and the charge-
separated state for BOD3 and BODb5 are more difficult to distinguish than for the other
dyes in this series due to their broad absorption, and global analysis showed that the
spectra of the charge-separated states are weakly absorbing for both dyes adsorbed on
nickel oxide. However, the charge-separated state lifetimes of BOD3|NiO and BOD5|NiO
are considerably longer than BOD1 and BOD4. Decay traces at selected wavelengths from
the transient absorption spectra are shown in Figure 4.9. In dichloromethane solution the
first singlet excited states of BOD1 and BOD4 are longer-lived than those of BOD3 and
BOD5 (7gob1, Bopa = ca. 2 ns and Tpops, pops = < 100 ps). The charge-separated state
lifetimes of BOD1|NiO, BOD3|NiO, BOD4|NiO and BOD5|NiO were all on a picosecond
timescale, shorter than that previously observed for BOD2|NiO (7 = ca. 180 ns).
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Figure 4.9: Decay traces at given wavelengths from transient absorption spectroscopy of BOD1-5. a) In
dichloromethane; b) on NiO. The amplitudes have been normalised for visual comparison. Aexc = 532

nm.

During previous work from our group, it was possible to determine the injection efficiency
of BOD2 (miyj = 50 %) because the spectrum of the reduced bodipy was distinguishable
from the excited state.!® This value was determined by comparing the relative amplitudes
of the dye excited state with that of the charge-separated state in the transient absorption
spectra of BOD2|NiO. For BOD1 and BOD3-5 it was not possible to directly distinguish
the spectra of the first excited state and charge-separated state, especially for BOD3
and BODS5 which absorb broadly, however, the results from global analysis of BOD3|NiO
showed that the amplitude of the charge-separated state was ca. 50 % of the excited state
in the evolution-associated spectra, which is similar to that of BOD2. For BOD5|NiO the

charge-separated state has only a small absorption so this value is considerably decreased.

4.3.4 Dye-sensitised solar cells

BOD1-5 were tested in p-type dye-sensitised solar cells with an iodide/triiodide electrolyte
containing 0.1 M iodine and 1.0 M lithium iodide in acetonitrile. The performance of the
solar cells was evaluated by photocurrent density-voltage curves under 1 sun illumination,
and incident photon-to-current conversion efficiency (IPCE) experiments, as described
in the Experimental Chapter, Section 3.2. Solar cell characteristics of BOD3 have been
reported by our group previously with the same electrolyte as used here, and the values

given for this dye in Table 4.2 are taken from ref [19]. The photovoltaic performance of
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BOD2 has also been previously reported,'® but with an electrolyte containing a higher
concentration of iodine, so BOD2|NiO dye-sensitised solar cells with an electrolyte con-
taining 0.1 M iodine and 1.0 M lithium iodide were fabricated by the author. It should be
noted that when a cobalt®>"/3* electrolyte was used there was no significant photocurrent
generated by any of the dyes, which is likely due to the fast (picosecond to nanosecond)
charge-recombination for BOD1-5. Charge-separated state lifetimes on a microsecond
timescale are required when using redox couples with large reorganisation energies, for
example cobalt tris-bipyridine complexes.®* The errors are determined from three cells

which were fabricated for each dye.

A surprisingly good performance was obtained from the simple BOD1 molecule, despite
the fast charge-recombination determined by transient absorption experiments, and the
close proximity of the holes in nickel oxide to the reduced dye. This dye performed

similarly to the structurally more complex BOD2 and BOD4.

Voc (mV) Jsc (mA cm™) FF (%) n (%) IPCE (%) APCE (%)
BOD1 95 £7.5 1.48 +0.03 0.36 £0.01  0.05 £0.005 20 £0.5 27 £1.0
BOD2 95 +3.0 1.58 +0.22 0.35 £0.01  0.05 £0.005 23 +4.0 24 +4.0
2BOD3 106 5.87 0.31 0.20 53 53
BOD4 97 £0.5 1.60 £0.07 0.38 £0.005 0.06 £0.005 27 £0.5 30 £0.5
BOD5 109 £1.5 3.70 £0.17 0.35 £0.005 0.14 4+0.005 44 +3.0 45 +3.0

Table 4.2: Photovoltaic performance of nickel oxide dye-sensitised solar cells containing BOD1-5 and an
electrolyte of 0.1 M I, and 1.0 M Lil in acetonitrile. *Taken from ref [19]. FF is the fill factor; 1 is the
power conversion efficiency; IPCE is the incident photon-to-current conversion efficiency; APCE is the

absorbed photon-to-current conversion efficiency.

These three dyes, which all contain bodipy groups with the same substituents achieved
modest photocurrent density values of 1.48 mA cm™ to 1.60 mA cm™, and open-circuit
photovoltage values of 95 mV to 97 mV, which are similar to the performances of the
push-pull dyes shown in Figure 4.2. The photocurrent generated by BOD2 in this study
was 50 % lower than the previously reported system which contained an electrolyte with
a higher concentration of iodine, however, IPCE and fill factor values were similar, and

the photovoltage was higher for the system shown in Table 4.2.
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BOD3 and BOD5 performed considerably better than the other dyes, which is shown by
their higher relative photocurrent densities and voltages in Figure 4.10. This is consistent
with the broader absorption and longer-lived charge-separated state lifetimes of BOD3
and BOD5 compared to BOD1 and BOD4. BOD5 achieved an overall power conversion
efficiency of 0.14 %, nearly twice that of the previously reported efficiency of BOD2, and
only slightly lower than that of P1 (n = 0.15 %).*°
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Figure 4.10: Photocurrent density-voltage curves for nickel oxide dye-sensitised solar cells containing
BOD1-5 and an electrolyte of 0.1 M I and 1.0 M Lil in acetonitrile. a) Under 1 sun illumination; b) in
the dark.

The photocurrent densities generated by dye-sensitised solar cells containing BOD3 with
a thiophene donor-acceptor bridge are significantly higher than those containing BOD5.
This suggests that increasing the distance between the nickel oxide surface and the accep-
tor group improves the solar cell performance, and is likely related to the slight increase in
the charge-separated state lifetime of BOD3 relative to BOD5. BOD3 also absorbs more
broadly than BODb5, and this is shown in the ground state absorption on nickel oxide and
the IPCE spectra in Figure 4.11. The highest IPCE values of BOD1, BOD2 and BOD4
are between 475 nm and 575 nm, whereas BOD3 and BOD5 still generate a considerable

photocurrent above 600 nm.
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Figure 4.11: a) Normalised absorption spectra of dye-sensitised nickel oxide films recorded prior to solar
cell fabrication; b) IPCE plots of p-type dye-sensitised solar cells assembled with 0.1 M I and 1.0 M Lil
in acetonitrile. TPCE experiments were performed on dye-sensitised solar cells which were used for the

current-voltage measurements shown in Figure 4.10.

As discussed in Theory Section 2.1.2, the IPCE is related to the light harvesting efficiency
(LHE), the injection efficiency (7)), the regeneration efficiency (7e;) and the charge

collection efficiency (7.), as shown in Equation 4.1.

IPCEy\ = LHE X Ninj X Nreg X Nee (4.1)

7inj can be estimated from a comparison of the lifetimes associated with the dye in the pres-
ence and absence of nickel oxide. For all photosensitsers BOD1-5, the charge-separated
state was formed on nickel oxide and this suggests that charge-injection is not the major
factor responsible for the difference in IPCE observed, though the yield of the charge-
separated state was lower for BOD2, BOD3 and BOD5.

Charge lifetime and charge extraction experiments were performed for the solar cells which
gave the current-voltage characteristics shown in Figure 4.10, and give an estimate of 7.,
as discussed in Theory Section 2.1.3. Details of the setup are given in Experimental
Section 3.2.4. Briefly, for charge lifetime measurements the current decay is measured
under short-circuit conditions while small modulations to the bias light intensity are
applied. The decays are fit to a single exponential decay function and plotted against

the photovoltage determined by the light intensity. Charge extraction experiments are
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performed by switching from open-circuit to short-circuit conditions and monitoring the
current. A plot of charge lifetime vs charge density is shown in Figure 4.12, and plots of
charge lifetime and charge density vs photovoltage are given in the Appendix in Figure

Al
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Figure 4.12: Charge transient measurements of p-type dye-sensitised solar cells with BOD1, BOD2, BOD4
and BOD5. The cells were the same as those used for the current-voltage curves shown in Figure 4.10

and IPCE plots in Figure 4.11.

In general, the charge lifetime and extracted charge at a given photovoltage are similar for
all systems. There is a slight increase in the charge lifetime at a given charge density for
cells assembled with BOD2 and BOD5 relative to cells assembled with BOD1 or BOD4,
which is consistent with the higher photovoltaic performance of the former systems. The
process of dye-regeneration is therefore likely responsible for the differences in IPCE of
these dyes. The driving force for regeneration, AG,eg, is the energy difference between
the reduction potential of the dye, E(D/D") and the redox potential of the electrolyte,
E(I37/I 7), as shown in Equation 4.2.

AGreg ~ E(D/D_) - E(IS_/IQA) (4'2>

The values of AG,, for BOD1-5 with an iodide/triiodide redox couple are given in Table
4.3 and are determined from the electrochemical and photophysical properties of BOD1-
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5 which were performed by members of the group and are detailed in the Appendix in
Table A.1. The driving forces for injection, AG;y;, are also given, and this parameter
is defined as the energy difference between the excited state reduction potential of the
dye, E(D"/D"), and the valence band potential of nickel oxide, E(NiOyg).3! The energy
of the NiO valence band edge is -0.12 V vs fc/fc’, and the energy of the iodide/triioide
redox couple is -0.82 V vs fc/fc™ .32 The excited state reduction potential is determined

as described in Equation 4.4, where F( is the energy difference between the Sy ground

state and the S; excited state.

AGiy =~ E(NiOyg) — E(D"/D") (4.3)

E(D"/D)=D/D + Eq, (4.4)

AGin; (V)  AGyeg (€V)

BOD1 -0.80 -0.81
BOD2 -0.91 -0.66
BOD3 -0.94 -0.47
BOD4 -0.79 -0.84
BOD5 -0.99 -0.45

Table 4.3: Values for the driving forces for charge-injection, AGijyj, and dye-regeneration, AGy.g, deter-

mined from electrochemical data provided in ref [26] according to Equations 4.2 and 4.3.

For BOD1 and BOD4, AG;,; is slightly lower than for the other dyes by ca. 100 mV,
which is consistent with our transient absorption experiments where a small amount of
stimulated emission was observed on nickel oxide, suggesting that the rate of charge-
injection was slower for these systems. The AG,, for BOD3 and BOD5 are lower than
that of BOD2 which also has the longest-lived charge-separated state. This suggests that
regeneration with the iodide/triiodide redox couple is more efficient for BOD3 and BOD5,

but further studies are required to investigate this process.
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4.3.5 Conclusions

This study aimed to determine the effect of modifying the donor-acceptor 7 bridge, the
anchor-donor 7 bridge and the structure of the bodipy acceptor groups on the charge-
separated state lifetimes and photovoltaic performances of a series push-pull dyes. In
general the dyes generated reasonable photocurrent densities in p-type nickel oxide dye-
sensitised solar cells despite the fast picosecond to nanosecond charge-recombination which
was observed for all systems. This is similar behaviour to that of P1, which generated

over 5 mA cm™ but has a short charge-separated state lifetime (7 = 200 ps).

In solution the excited state lifetimes of BOD1-5 are between 50 ps and 5 ns, which is
different to the long-lived triplet excited state which was previously observed for BOD2.!8
BOD3 and BOD5 contain bodipy groups which are unsubstituted at the [ positions,
allowing greater rotational freedom around the donor-acceptor bridge. These dyes there-
fore have broader, red-shifted absorption profiles relative to BOD1, BOD2 and BOD4,
which leads to an increased IPCE at longer wavelengths. BOD3 and BOD5 also have
slightly longer charge-separated state lifetimes relative to BOD1 and BOD4, which may
contribute to the higher performance of the former systems. The charge transfer nature of
the electronic transition for BOD3 and BODb results in electron density residing further
from the nickel surface relative to BOD1 and BOD4 which have 7-7* transitions. The
increased distance between the electron density in the reduced dye and the nickel oxide
likely decreases the rate of recombination. BOD2 has the longest-lived charge-separated
state (7 = 180 ns), but a lower IPCE than BOD3 and BODS5, which is attributed to

differences in the efficiency of the dye-regeneration process.

In general this study shows that push-pull dyes containing a triphenylamine donor group
and bodipy acceptors are useful photosensitisers, as they are highly-absorbant and many
structures can be accessed through synthetic modifications to the bodipy core. The highest
photovoltaic performance was achieved for systems where the g position is unsubstituted
and a thiophene 7 bridge connects the donor to the acceptors. Despite the promising
solar cell performance of these dyes, our group still provides the only examples of bodipy-

containing photosensitisers used in nickel oxide dye-sensitised solar cells.

In the following section transient absorption spectroscopy is performed for another series
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of push-pull dyes, and a significant difference in the excited state dynamics is observed
in the presence and absence of an electrolyte containing an iodide/triiodide redox couple.
This is an important factor when translating the kinetic behaviour of dyes absorbed onto
a dry film to the inner workings of a dye-sensitised solar cell and any future studies
on BODI1-5 should include experiments in the presence of the redox electrolyte. Also,
BOD1-5 are all assumed to bind through the carboxylic anchoring group and this was
not investigated as there are many examples of dyes which are assumed to bind to nickel
oxide in this way.®3336 In some cases photoelectron spectroscopy studies on sensitised
nickel oxide surfaces have been used to investigate this binding.3” However, the dyes have
large structures with multiple functional groups and in the following sections infrared
spectroscopy is used to try determine the method of binding, as this may affect the
comparability of the dyes.

4.4 Cationic acceptor dyes

Contributions for Section 4.4: The synthesis and photovoltaic properties of cationic dyes
was performed by members of the Gibson group. Spectroelectrochemistry, infrared spec-
troscopy, transient absorption spectroscopy and time-resolved infrared spectroscopy were

performed by the author.

4.4.1 Introduction

In the previous section we observed that the photophysical properties of push-pull dyes
were affected by the structure of the acceptor groups. Dyes containing bodipy groups
which were unsubstituted in the g positions had red-shifted absorption bands and gave
higher IPCE values than those which had methyl substituents. For tandem dye-sensitised
solar cells, a p-type dye which absorbs above 600 nm is required to minimise the spectral
overlap between the photoanode and the photocathode.!® Despite their favourable photo-
physical properties, the bodipy photosensitisers in the previous section showed relatively
short charge-separated state lifetimes on nickel oxide, and no photocurrent was generated

when a cobalt?"/3" electrolyte was used.

The push-pull dyes discussed in this section contain cationic acceptor groups with the

structure 1-hexyl-2,3,3-trimethyl-3H-indolium. Relative to bodipy photosensitisers, there
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are fewer examples of dye-sensitised solar cells which use cationic dyes.?®3 In fact, the
systems reported by Lin et al. and by our group are the only examples of cationic push-
pull dyes used in p-type nickel oxide dye-sensitised solar cells.!®214? The charged nature
of the acceptor is of particular interest as this may promote a pre-association of the dye
with species in the iodide/triiodide electrolyte and result in fast regeneration, as has been
reported for P1 by Qin et al.® The dyes CAD1-3 which are shown in Figure 4.13 have
been reported previously by our group and contain a triphenylamine donor group and
a carboxylic acid anchor.!®?! Dyes with alkyl substituents have been reported to slow

! such as those around the donor group of CAD2.

charge-recombination at the surface,*
CAD4 contains a different donor and anchor moiety and has not been reported in the

literature prior to this work.

Figure 4.13: Structures of cationic acceptor dyes synthesised by members of the group. The synthesis,
photophysical and photovoltaic properties of CAD1, CAD2 and CAD3 have been reported in ref [21] and
ref [19].

The photophysical, electrochemical and photovoltaic properties of CAD1-3 are given in
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ref [21] and ref [19] and selected data is shown in Table 4.4 together with that of CADA4.
CAD1-3 have absorption maxima above 600 nm, and CAD3 has a molar absorption
coefficient over three times higher than the other dyes due to the increased probability
of an electronic transition when two indolium groups are present. The driving forces for
charge-injection and regeneration (AGi,; and AG,e,) are calculated from photophysical
and electrochemical data, as for BOD1-5 using Equations 4.2 and 4.3. It has been reported
that for a series of push-pull dyes which contained different acceptor groups that those
which had lower LUMO levels had insufficient AG., and did not perform well in a dye-
sensitised solar cell.® This is consistent with CAD1 and CAD2 which have red-shifted
absorption bands due to lower LUMO levels and therefore have values of AG,e, which are
200 mV lower than that of P1 and generate lower photocurrent densities. However, CAD3
also has a lower AG,e, than P1 (AGyeg = -0.48 V)® but performs better in a p-type solar

cell.
Amax™ e Voo Jsc IPCE  AGiy AGyg 7 dye |NiOTP
(nm)  (dm® mol™ em™) (mV) (mAcem?) (%) (V)  (eV) (ps)
CAD1 608 22 900 87 3.32 27 -0.79 -0.23 300
CAD2 629 25 300 96 3.25 20 -0.81 -0.15 100
CAD3 614 94 580 101 8.21 50 -0.91 -0.17 -
CAD4 532 12 625 84 3.96 35 -1.02 -0.16 -

Table 4.4: Important electrochemical and photophysical properties for CAD dyes, from ref [21], ref [19]
and ref [42]. *Absorbance maximum in dichloromethane solution. Solar cells characteristics are for nickel
oxide dye-sensitised solar cells with an electrolyte containing 0.1 M I and 1.0 M Lil in acetonitrile. The
IPCE values given are at the Ayay. "Charge-separated state lifetimes on nickel oxide. The charge-shift

state and charge-separated state lifetimes of CAD3 and CAD4 are investigated in this work.

CAD/4 contains a different binding moiety and a dicarboxypyrrole anchoring group which

was developed in collaboration with the group of Dr. Camp. There has been comparatively

34,43

less research into alternative anchoring systems for p-type dyes relative to n-type

44-48
dyes,

and carboxylic anchors are still most commonly used. Changes to the electron
density on the anchor group affects the HOMO energy which influences AG;,;, and should
not significantly affect AG,es. Therefore, CAD4 has a larger value of AG;,; than for CAD1-
3 but a similar value of AG,e. CAD1 nickel oxide p-DSCs performed slightly better than

CAD2, and CAD3 outperformed both dyes with devices achieving a photocurrent density
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8.21 mA cm™?, and 5.2 mA cm™? in a tandem cell with a D35|TiO, photoanode, in which
the photocurrent response of CAD3 was well above 600 nm. CAD4 p-DSCs performed
similarly to CAD1 and CAD2, which is encouraging for potential dyes using this new
binding moiety. The charge-separated state lifetimes of CAD1 and CAD2 are also given
in Table 4.4, and were on a similar timescale to the bodipy photosensitisers studied in the
previous section of this thesis. CADI has a slightly longer-lived charge-separated state
relative to CAD2, despite the alkyl groups which aimed to slow charge-recombination in
the latter dye. The charge-separated state lifetimes of CAD3 and CAD4 are investigated

in this work using transient absorption and time-resolved infrared spectroscopies.

4.4.2 Steady state absorption

The ground state absorption of CAD3 and CAD4 are characterised by their electronic
absorption profiles in dichloromethane and acetonitrile solutions, which are shown in
Figure 4.14. Both dyes have a broad absorption band between 500 nm and 600 nm,
and this extends to 700 nm for CAD3. Both CAD3 and CAD4 also show a strong
solvatochromic shift when dissolved in dichloromethane relative to in acetonitrile (ca.
+55 nm for CAD3 and +30 nm for CAD4), which suggests that the main absorption

peak is due to a charge transfer transition.

—-- CAD3
—-- CAD4

Normalised absorbance

0.0 T T - .
400 500 600 700
Wavelength (nm)

Figure 4.14: Electronic absorption spectra of CAD3 and CAD4 in dichloromethane (solid lines) and in

acetonitrile (dashed lines).
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The ground state infrared spectra of CAD3 and CAD4 were recorded as powders crushed
and pressed into potassium bromide disks. The spectra are shown in Figure 4.15 along
with thiophene, triphenylamine and the indolium acceptor group which were recorded to
assign the vibrations in the dyes. The assignments of the major bands are given in Table
4.5. The infrared spectra of CAD3 and CAD4 both contain intense bands at 1575 cm™
and 1290 cm™, which are attributed to the v(C=C) of the phenyl groups due to their

similarity to the major bands present in the infrared spectra of triphenylamine.

Assignment Wavenumber, cm™!
CAD3 CAD4
C=0 1699 br 1699 br
C=C (Phenyl) 1574, 1288 1576, 1298
C=C (Indolium) 1456, 1368 1456, 1368
C=C (Thiophene) 1422 1422

Table 4.5: Assignments and frequencies of the major bands in the ground state infrared spectra of CAD3

and CAD4 shown in Figure 4.15.

The infrared spectra of the indolium acceptor group has three distinctive bands at 1628
em™ to 1593 cm™, though this is not observed for CAD3 or CAD4 and may be masked
by other vibrations. The indolium group also has a strong band at 1460 cm™ and a weak
band at 1377 cm™ which appear in the infrared spectra of CAD3 and CAD4 at 1456 cm™
and 1386 cm™, though are weak. A band at 1422 cm™ in the infrared spectra of CAD3
and CAD4 is attributed to the ¥(C=C) of the thiophene group, and a weak broad band
centered at 1699 cm™ is attributed to the v(C=0) of the anchor groups.
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Figure 4.15: Ground state vibrational spectra of thiophene, triphenylamine, the indolium acceptor, CAD3
and CAD4. The infrared spectra of CAD3, CAD4, the acceptor and triphenylamine were measured as

powders crushed and pressed into potassium bromide disks.
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To investigate the method of binding of the new pyrrole anchor group, the infrared spec-

trum of CAD4 adsorbed on a nickel oxide film was recorded and is shown in Figure 4.16.
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Figure 4.16: Ground state infrared spectra of CAD4 as a powder and adsorbed on nickel oxide. Samples

were crushed and pressed into potassium bromide disks for analysis.

Sensitised nickel oxide films were prepared as outlined in Section 3.2.1, and were then
scraped from the substrate and ground and pressed into potassium bromide disks. The
infrared spectrum of CAD4|NiO contains v(C=C) vibrations relating to phenyl, thiophene
and indolium groups. The weak carbonyl stretch is considerably reduced, which may
suggest that both carboxylic groups bind to the nickel oxide surface during sensitisation,
or that the stretch is masked by the broad band at 1620 cm™ which is due to the nickel

oxide.*?

4.4.3 Spectroelectrochemistry

Spectroelectrochemistry in the visible and infrared regions was used to characterise the
reduced forms of CAD3 and CAD4 for comparison with transient absorption and time-
resolved infrared spectra. A thin-film method was used for experiments in the visible
region as little sample was available, as described in Section 3.5. Briefly, a titanium
dioxide film on FTO coated glass was sensitised with CAD3 or CAD4 and placed in a

quartz cuvette which was filled with a solution of lithium perchlorate in acetonitrile. The
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film was connected to a potentiostat together with a platinum mesh counter electrode and
a silver/silver” wire reference electrode. The cuvette was placed in the path of a visible
spectrometer and the potentiostat was set to apply a reducing potential stepwise to that

of the first reduction. In Figure 4.17 the absorbance and absorbance difference spectra

are shown.

The visible spectrum of CAD3™ is sharper and blue-shifted relative to that of CAD3,
and contains an additional broad peak which absorbs between 700 nm and 800 nm. The
visible spectrum of CAD4" was red-shifted relative to that of CAD4, and contains a broad

absorption at longer wavelengths similar to that observed for CAD3".
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Figure 4.17: Absorbance spectra of CAD3 and CAD4 as a reducing potential from 0 V to -0.9 V vs
Ag/Agt was applied electrochemically to sensitised titanium dioxide films. Left) evolution of the visible

spectra; right) visible difference spectra.

For spectroelectrochemical experiments in the infrared region, triphenylamine and the

indolium acceptor were used to investigate the behaviour of the donor (D) and acceptor
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(A) groups upon oxidation and reduction, respectively. The indolium acceptor (A) was
reduced to A™ using two methods to confirm the results, an electrochemical reduction using
an OTTLE cell, and by chemical reduction with cobaltocene. The setup of the OTTLE
cell is given in the Experimental Section 3.5. The cell was filled with a dichloromethane
solution of the acceptor in tetrabutylammonium perchlorate and was placed in the path

of an infrared spectrometer.

A reducing potential was applied and an infrared spectrum was taken. The spectra
before and after reduction are shown in Figure 4.18, a). Reduction of A to A~ leads to

the appearance of a band at 1650 cm™ and the band at 1610 cm™ increases in intensity.
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Figure 4.18: Spectroelectrochemical reduction of the indolium acceptor group (A) (structure shown inset).
a) Electrochemical reduction in an OTTLE cell with 10 mM indolium acceptor in 0.1 M tetrabutylam-
monium perchlorate in dichloromethane. The reducing potential was -1.0 V vs Ag/Ag™; b) chemical
reduction with cobaltocene in a Harrick solution cell with a ca. 200 pm PTFE spacer and 10 mM

solution of A in dichloromethane.

When A is chemically reduced by cobaltocene to A", the infrared spectra are similar
relative to when reduced electrochemically. A Harrick solution cell®® with calcium fluoride
windows was purged with nitrogen and filled with a degassed solution of the acceptor
group in dichloromethane. An infrared spectrum was taken before and after the addition
of cobaltocene to the solution. The spectrum of A” is shown in Figure 4.18 b), and

resembles that of the electrochemically reduced A".

The donor group triphenylamine (D) was electrochemically oxidised to D* in an OTTLE

cell as an infrared spectrum was taken, as described for A. The supporting electrolyte
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contained tetrabutylammonium perchlorate in deuterated chloroform, and the spectra
are shown in Figure 4.19. The infrared spectrum of D contains a sharp band at 1587
cm™, which is broadened in the spectrum of D. Bands at 1607 cm™ and 1348 cm™ are

also present in the infrared spectrum of D.
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Figure 4.19: Infrared spectra of triphenylamine (D) (structure shown inset) and DT generated electro-
chemically in 0.1 M tetrabutylammonium perchlorate in deuterated chloroform. The oxidising potential

was 1.0 V vs Ag/Ag™.

4.4.4 Transient absorption spectroscopy

Ultrafast transient absorption spectroscopy was used to determine the excited state and
charge-shift state lifetimes of CAD3 and CAD4 in solution and the charge-separated state
lifetimes of CAD3 and CAD4 adsorbed on nickel oxide. Experiments on nickel oxide
films were also performed in the presence of an electrolyte containing 3 mM iodine and
0.1 M lithium iodide in acetonitrile to investigate the dye-regeneration process. A lower
concentration of iodine was used relative to a typical dye-senisitised solar cell to minimise
the contribution from the electrolyte in the absorption spectrum. The experiments were
run in dichloromethane and deuterated acetonitrile to investigate the effect of the solvent
on the charge transfer dynamics. A Harrick cell was filled with either a solution of dye
or a film of dye-sensitised nickel oxide, which were prepared as described in Experimental

Section 3.7. The sample was excited with a 532 nm laser pulse and the visible spectra were
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probed with a white light beam. Single-point analysis of the data was used to estimate

the lifetimes of each process. The transient absorption difference spectra of CAD3 and

CAD4 are shown in Figure 4.20 and Figure 4.21.
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Figure 4.20: Transient absorption difference spectra of CAD3 and CAD4 at selected time delays following
excitation at 532 nm. a),b) in dichloromethane; c),d) adsorbed in nickel oxide ; €),f) on nickel oxide in

the presence of an electrolyte containing 3 mM I and 0.1 M Lil in acetonitrile.

Results from single-point analysis are given in Tables 4.7 and 4.6. Table 4.8 contains
amplitude-weighted average lifetimes, which were calculated for selected wavelengths as

described in Theory Section 2.3.2 using Equation 4.5.
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Tav = (A1 X 71) + (Ag X o). (4.5)
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Figure 4.21: Transient absorption difference spectra of CAD3 and CAD4 in deuterated acetonitrile solu-

tion at selected time delays following excitation at 532 nm.

Laser excitation of CAD3 at 532 nm in dichloromethane generates a negative signal be-
tween 610 nm and 680 nm which is attributed to the ground state absorption. A broad
transient signal which resembles the spectrum of CAD3™ (Figure 4.17) absorbs between
450 nm and 600 nm and at wavelengths above 700 nm, and is attributed to the charge-
transfer excited state. This signal decays with 7 = 55 ps in dichloromethane and 7 =
7 ps in deuterated acetonitrile, which is between that of CAD1 and CAD2 (Tcap1 =
120 ps, Tcap2 = 25 ps in dichloromethane). The transient absorption spectra of CAD4
in dichloromethane resemble CAD4" generated by spectroelectrochemical methods. The
decay of the sharp absorption between 590 nm and 650 nm was fit to a bi-exponential
function due to a slight red-shift of the peak at later delay times. This shift was not
observed in the transient absorption spectra of CAD4 in deuterated acetonitrile solu-
tion (Figure 4.21). Unlike for BOD1-5, stimulated emission is not observed for CAD3 or
CAD¢4 in solution, and was also absent for transient absorption experiments of CAD1 and

CAD2.%

On nickel oxide the transient absorption spectra of CAD3 and CAD4 are broadened
relative to solution, which is consistent with interactions between the dye and nickel oxide.

For CAD4|NiO the presence of a broad absorption at longer wavelengths is characteristic
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of holes in nickel oxide which suggests that the charge-separated state is formed. For
CAD3|NiO the ground state absorption extends further to the red-region and masks this
signal. Transient species in the spectra of CAD3|NiO were fit to a multi-exponential
function which is consistent with heterogeneous recombination of the dye with holes in
nickel oxide,?®'® with 74, = 1.2 ns. The bleach at 428 nm has a shorter lifetime than
that of the main transient and ground state bleach. An additional small positive peak
at 700 nm is present in the transient absorption spectra of CAD3|NiO in the presence of
iodine and lithium iodide. The dynamics of this band were more difficult to resolve due
to overlap with the bleach, so a stretched exponential was used, as described by Equation

4.6.

Abs(t) = Abs(t0) exp(—(t/T)5) (4.6)

Where Abs(t) is the change in absorbance at time ¢, 7 is the lifetime and § is the stretch

parameter.

In general, transient species decayed over a longer timescale in the presence of an io-
dide/triiodide redox couple. The experiment was repeated with a solution of lithium
perchlorate in acetonitrile to ensure that this effect wasn’t due to the presence of solvent,
and the transient species were only slightly longer-lived in this case, (Appendix Table

Ad).

Lifetime, ps

CH,Cl, CD3CN
CAD3 Tyo5 = 13 +2
T485 = 0D £4
Tsrs = 90 £7 Tegs = 6.7 £0.2
Tgas = 48 +1
Tro1 = 63 £3
CAD4 7515 — 9 +2 (35%), 200 +20 (50%) Te0s — 166 +2

Tear = 43 £8 (50%), 240 +£50 (47%) 7704 = 1.1 £0.04 (55%), 180 +3 (45%)
T702 = 5 £3 (32%), 590 +10 (68%)

Table 4.6: Lifetimes derived from single-point analysis of the transient absorption spectra of CAD3 and
CAD4 in solution. Where a bi-exponential fit is used, the amplitudes of each component are given in

brackets. Aexe = 532 nm.
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Lifetime, ps
NiO NiO|T- /I3
CAD3 7498 = 7 £3 (55%), 270 £90 (45%) 7435 = 150 £50 (42%), 22 000 £6000 (58%)
Tag5 = b £1 (37%), 120 £30 (34%), Tag5 = 24 £4 (30%), 9100 £1800 (35%),

4500 +1000 (26%) 311 000 £84 000(29%)
Te10 = 12 £2 (38%), 180 430 (40%), Te15 = 18 £3 (32%), 760 +130 (34%),
7300 £1600 (22%) 54 000 +10 000 (28%)
Troo = 16 £7
CAD4 7500 = 3 £0.3 (73%), 43 +£6 (27%) Ta9s = 3 £0.1 (59%), 33 £9 (25%),
1400 +400 (18%)
Tea0 = 2 £0.1 (79%), 35 £6 (21%) Too5 = 3 £0.1 (64%), 28 +4 (25%),

740 £200 (11%)

Teo6 = 0.8 +£0.3 (66%), 20 +8 (15%),
1000 400 (14%)

Tros = 3 1 (45%), 110 +50 (26%),
6100 43000 (20%)

Table 4.7: Lifetimes derived from single-point analysis of transient absorption spectra of CAD3 and
CAD4 on nickel oxide in the presence and absence of 3 mM Iy and 0.1 M Lil in acetonitrile. Where a

multi-exponential fit is used, the amplitudes of each component are given in brackets. Aexc = 532 nm.

Lifetime, ps

CH,Cly CD3CN NiO NiO|I" /15

CAD3 7495 =73 Ta28 = 125 T435 = 12 823
Ta85 = DO Tags = 1212 7485 = 93 382
Ts7s = 90 Tess = 6.7 Te10 = 1682 715 = 15 384
T35 = 48 T720 = 16
T701 = 63

CAD4 T518 — 103 T605 — 166 T500 — 14 T495 — 262

7—627:134 T704:82 T640:9 7—625:90
T702 — 403 T696 — 144
T704 — 1250

Table 4.8: Average lifetimes derived from single-point analysis of transient absorption spectra of CAD3

and CADA4.

These results suggest that an interaction between CAD3 |NiO™ and species in the redox
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electrolyte occurs and leads to a reduction in the rate of charge-recombination. Wood et
al. observed that I reacts with Ni*" at the surface,® which may inhibit recombination.
We therefore suggest that the charged nature of CAD3 promotes this reaction, possibly

by associating with I and increasing the concentration of this species at the surface.

The charge-separated state of CAD4|NiO recombines considerably faster than CAD3|NiO,
with 7ay = ca. 10 ps for CAD4|NiO and 7y = ca. 200 ps for CAD4|NiO|I"/I3. This fast
charge-recombination is likely related to the lower performance of CAD4 relative to CADS3.
The increase in lifetime in the presence of electrolyte for CAD4|NiO is consistent with our
conclusion that this behaviour is due to the charged nature of the dye, though the effect
is not as large for CAD4. The relative lifetimes of the charge-shift and charge-separated
states of CAD3 and CAD4 are summarised by the decay traces at given wavelengths

shown in Figure 4.22.
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Figure 4.22: Decay traces from transient absorption experiments of CAD3 and CAD4. For d), the

amplitude of the change in absorbance is normalised for comparison. Probe wavelengths are at 485 nm
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There is a clear increase in the lifetime of CAD37|NiO™ in the presence of iodide /triiodide,
and the fast recombination of CAD4|NiO relative to CAD3|NiO is also apparent, despite
the longer-lived excited state of CAD4 in both dichloromethane and deuterated acetoni-

trile solutions.

4.4.5 Time-resolved infrared spectroscopy

Time-resolved infrared spectroscopy was used to probe the vibrational changes of CAD3
in the fingerprint region upon excitation at 532 nm. The experimental setup was the
same as described for transient absorption spectroscopy except an infrared probe beam
and infrared detector were used. The absorbance difference spectra are shown in Figure

4.23.
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Figure 4.23: Time-resolved infrared difference spectra of CAD3 at selected time delays following excitation
at 532 nm. a) In dichloromethane; b) in deuterated acetonitrile; c¢) on nickel oxide; d) on nickel oxide in

the presence of 3 mM Iy and 0.1 M Lil in deuterated acetonitrile.

100



Chapter 4

Lifetimes obtained from single-point analysis of time-resolved infrared spectra were gen-
erally consistent with those obtained from transient absorption data, and are given for
selected bands in Table 4.9. The spectral features in the time-resolved infrared spectra
of CAD3 in dichloromethane and deuterated acetonitrile are similar, though signals are
weaker in dichloromethane, which may be due to a difference in the molar absorption
coefficient of the excited species in the two solvents. A negative signal is present at 1275
cm™, with a sharp transient band at 1230 cm™. This is attributed to the v(C=C) of the
phenyl groups, along with weaker bleaches at 1551 cm™ in dichloromethane and 1574 cm™
in deuterated acetonitrile. The v(C=C) at 1601 cm™ is similar to the band observed in
the infrared spectrum of D" (Figure 4.19). The transient band masks the main bleach
which is also consistent with broadening of the oxidised species observed in spectroelec-
trochemical experiments. The presence of these features is consistent with the formation

of the charge-transfer excited state.

Lifetime, ps

CH,Cl CD3CN NiO NiO|I' /1.
Tio72 = 68 £30 71276 = 13 £0.3 T1268 = 2 £0.3 (70%),
Tio30 = 42 £2 T1930 = 7 £0.3 37 £8 (19%), 11 000 £ 4000 (11%) 71574 = 1.1 £0.2 (59%),
Tieo1 = 51 £2 71597 = 9 £0.4 37 £7 (22%),
Ti51 = 33 4 Tis574 = 19 £0.8 T1574 = 2 £0.2 (66%), 16 000 £5000 (19%)

T1463 — 54 +2 T1460 — 9 +04 36 +8 (22%), 8800 £ 3300 (12%)
T1429 = 36 £2 T1a29 = 7 £0.3

Tiaa0 = 41 £3  Ty4aa = 16 £0.4 T1440 = 1.0 £0.1 (73%), T1318 = 0.6 0.1 (69%),
Tiz20 = 36 £3  Ti333 = 4 £0.3 30 46 (14%), 7800 +1600 (13%) 27 +£3 (20%),
Ti318 — 44 £3  T1318 — 10 £0.4 T1318 = 0.6 £0.1 (71%), 9000 £2000 (12 %)
Tisea — 41 £3 T34 — 13 £0.6 34 46 (16%), 6300 1400 (14%)

Table 4.9: Lifetimes derived from single-point analysis of time-resolved infrared spectra of CAD3. Aexe =

532 nm. Where a multi-exponential fit is used, the amplitudes of each component are given in brackets.

A small bleach at 1440 cm™ in dichloromethane and 1444 cm™ in deuterated acetonitrile
is attributed to the indolium acceptor. In the ground state this band appears at 1456
cm™t. The transient band is split around the bleach as it is broader than the ground state
absorption. A second weak bleach is attributed to the indolium acceptor at 1329 cm™ in

dichloromethane and 1333 cm™ in deuterated acetonitrile. This is at a similar frequency to
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the ground state signal at 1368 cm™. v (C=0) and v(C=C) stretches of the carbonyl and
thiophene groups are not observed. The lifetimes of the transient bands are consistent with
those recorded for CAD3 in transient absorption experiments. In dichloromethane, bands
decay with a time constant of ca. 50 ps, and in deuterated acetonitrile this is shortened
to ca. 10 ps. The time-resolved infrared spectra of CAD3 are different when adsorbed on
nickel oxide and the signals are generally weaker. The transient signals observed at 1230
cm™, 1601 cm™, 1463 cm™ and 1429 cm™ are absent and instead an intense bleach at
1574 cm™ and a series of weak transient bands around 1318 cm™ are present. The decay
of the bands is consistent with the charge-shift state determined in transient absorption
experiments. Similarly, in the presence of an iodide/triiodide electrolyte, the spectral

features are similar to that of CAD3|NiO and the lifetimes are generally longer.

4.4.6 Conclusions

This study aimed to investigate the effect of the cationic indolium acceptor group on
the charge-separated state lifetime of two push-pull dyes. It was proposed that a pre-
association of the dye and species in the electrolyte may occur and increase the efficiency
of dye-regeneration. CAD3 and CAD4 both absorb above 600 nm, and CAD3 generates
high photocurrents in a nickel oxide dye-sensitised solar cell despite a relatively small
driving force for regeneration. CAD4, which contains a dicarboxypyrrole binding moiety
and larger AG;,; performs better than previously reported CAD1 and CAD2 but does
not generate high photocurrents relative to CAD3. This is attributed to the broader
absorption of CAD3 and fast charge-recombination which is observed for CAD4 when
adsorbed on nickel oxide. Interestingly, the charge-separated state lifetime of CAD3|NiO
is on the order of nanoseconds, despite a common assumption that a lifetime on the
order of microseconds is required for efficient regeneration. This is similar for P1, BOD3
and BOD5 which have a relatively short charge-separated state lifetimes but generate
high photocurrents in nickel oxide dye-sensitised solar cells. Time-resolved spectroscopy
experiments showed that the charge-separated state decays over a longer timescale in the
presence of a solution of iodine and lithium iodide, which suggested that species in the
electrolyte associate with the cationic dyes adsorbed on nickel oxide. This association

slows recombination rather than increases the rate of regeneration as was expected, and
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the effect is attributed to the promotion of the reaction between I" and Ni3*.

In general cationic push-pull dyes are a promising class of sensitiser for dye-sensitised
solar cells due to their red absorption, good photovoltaic performances and charged na-
ture. However, the broad absorption of these dyes makes spectroscopic analysis of excited
states difficult and the charge-separated state did not give a characteristic signal when
absorbed on nickel oxide. Also, time-resolved infrared spectroscopy of CAD3 did not give
a strong infrared vibration relating to the indolium acceptor group. The following study
describes an investigation of two push-pull dyes using time-resolved infrared spectroscopy,
and highlights the difficulties of analysing the vibrational spectra of conjugated organic

systems which do not contain strong infrared markers.

4.5 Probing vibrational dynamics

Contributions for Section 4.5: Electrochemical, photovoltaic and transient absorption stud-
ies of BOD2 and P1 have been reported previously. Synthesis and time-resolved infrared
experiments were performed by members of the group. Infrared spectroscopy and analysis

of time-resolved infrared data was performed by the author.

4.5.1 Introduction

Increasing the driving force for intramolecular charge-separation within a push-pull dye
is anticipated to slow dye’ |NiO™ charge-recombination and therefore improve the per-
formance of dye-sensitised solar cells. However, as discussed in the introduction to this
thesis, there is little correlation between the charge-separated state lifetime and solar
cell performance when comparing p-type dyes reported in the literature, and a report by
Troisi et al. reported a similar trend for the donor-acceptor character of n-type dyes.?”
This suggests that charge-recombination dynamics are complex and are influenced by a
variety of factors. Here we compare the photophysical, electrochemical and excited state
properties of two push pull dyes (P1 and BOD2) which contain different acceptor groups,
to determine how their charge-recombination dynamics influence the performance of solar

cells fabricated with these dyes.

P1 is widely used as a benchmark dye for p-type nickel oxide dye-sensitised solar cells,

and the analogue BOD2, which contains boron dipyrromethene acceptor groups, has been
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reported previously by our group.'® Their structures are given in Figure 4.24, and both
contain a triphenylamine donor group, a carboxylic anchor group and a thiophene 7 bridge

to the acceptor moieties.

NC CN
Vi CN NC N
7 57N
— NS
N
(@] OH (@] OH
P1 BOD2

Figure 4.24: Structures of push-pull dyes P1 and BOD2 discussed in this section.

Selected photophysical, electrochemical and photovoltaic data is shown in Table 4.10,
and the oxidation and reduction potentials are given in the Appendix in Table A.5. P1
performs significantly better in a p-type dye-sensitised solar cell than BOD2 despite having
similar values of AG,e,, a factor which is related to the LUMO energy level and has
previously been reported to contribute to the high performance of P1.% AG,; is also

consistent for both dyes.

A e Voo Jso  IPCE® AGu® AGu," 7 dye|NiO™®
(nm)  (dm® mol! em™) (mV) (mA em?) (%) (eV) (eV) (ps)
P1 481 57 900 84 5.48 63 -0.91 -0.64 2-200
BOD2 540 112 000 79 3.15 28 -0.91 -0.66 180 000

Table 4.10: Electrochemical and photophysical properties and highest photovoltaic performances of P1
and BOD2, taken from ref [8] and ref [18]. *Absorbance maxima in dichloromethane. ®Molar absorption
coefficient in dichloromethane. °Solar cells characteristics for nickel oxide dye-sensitised solar cells with
an electrolyte containing and 0.1 M I, for P1 and 0.5 M I, for BOD2, and 1.0 M Lil in acetonitrile. 9The
driving forces for injection and regeneration were determined using Equations 4.3 and 4.2 as described

in Section 4.3. °Charge-separated state lifetimes determined by transient absorption spectroscopy.

P1 has a molar absorption coefficient nearly half that of BOD2, however the absorption

spectrum of P1 is much broader, as shown in Figure 4.25 for both dyes adsorbed on nickel
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oxide. The solar cell results of BOD2 shown in Table 4.10 are for cells assembled with an
electrolyte containing a higher concentration of iodine,'® and it was shown in Section 4.3
that the efficiencies of BOD2 cells assembled with an electrolyte containing 0.1 M iodine
were lower than those assembled with 0.5 M iodine. The IPCE plots in Figure 4.25 are
for cells containing 0.1 M iodine, both of which were fabricated by the author for direct

comparison of the two dyes.
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Figure 4.25: a) Absorbance spectra of P1|NiO and BOD2|NiO; b) IPCE spectra of P1 and BOD2 nickel
oxide dye-senisitsed solar cells with an electrolyte containing 0.1 M I and 0.1 M Lil in acetonitrile. The

IPCE plot of P1 is for a cell which gave similar IPCE to that reported in ref [§].

The singlet excited state lifetime of P1 in acetonitrile solution from transient absorp-
tion experiments was relatively short (7 = 30 ps) which was attributed to intermolec-
ular charge transfer caused by aggregation.® The first excited singlet state of BOD2 in
dichloromethane decayed over 400 ps to form a long-lived triplet excited state with 7
= 300 ns. The charge-separated state lifetime of BOD2 (ca. 180 ns) is considerably
longer than that of P1 (ca. 200 ps). The decay of the charge-separated state of P1 was
fit to a multi-exponential with lifetimes of 2.7 ps, 17 ps and 205 ps. In the presence
of an electrolyte containing an iodide/triiodide redox couple, the BOD2|NiO* charge-
separated state decayed with 7 = 23 ns, showing efficient regeneration. In this study
time-resolved infrared spectroscopy is used to gain more detailed information about the
charge-recombination and dye-regeneration dynamics to explain why these two dyes give

such different solar cell performances.

Time-resolved infrared spectroscopy is commonly used in the analysis of charge trans-
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fer dynamics for dyes containing metal-carbonyl bonds adsorbed on titanium dioxide

films.58°62
Our group has used time-resolved infrared spectroscopy in the carbonyl region to inves-

tigate the dynamics of the anchor groups of CAD1 and CAD2 which are described in
ref [21]. Section 4.4.5 of this chapter described time-resolved infrared spectroscopy of
CAD3 and CAD4 in the fingerprint region, where bands relating the the v(C=C) of the
triphenylamine group confirmed the formation of the charge-separated state. Here it is
proposed that the malononitrile group of P1 and the bodipy acceptor of BOD2 will be

suitable infrared handles to give significant signals in the nitrile and fingerprint regions.

4.5.2 Steady state vibrational absorption

The infrared spectra of P1 and BOD2 were recorded as powders and adsorbed on nickel
oxide to characterise the vibrational spectra of the dyes in the ground state. The infrared
spectra of thiophene, triphenylamine and the bodipy acceptor group were also measured
to assign the bands in the two dyes, and the spectra are shown in Figure 4.26. Vibra-
tional spectra of P1 and BOD2 on nickel oxide are shown in Figure 4.27. Samples for
spectroscopic analysis were prepared as potassium bromide disks as described in the Ex-
perimental Section 3.6.2. The frequencies of major bands for P1 and BOD2 are given in

Table 4.11.

The sharp v(C=C) bands present in the infrared spectrum of thiophene were described
in Section 4.4, and are identified in the infrared spectra of P1 (1427 cm™, 1244 cm™) and
BOD2 (1423 cm™, 1224 ¢cm™). Similarly, three sharp bands corresponding to the v(C=C)
of triphenylamine are present for both P1 (1568 cm™, 1491 cm™, 1263 cm™) and BOD2
(1595 cm™, 1481 cm™, 1261 cm™). The v(C=0) of the carbonyl anchor group is strong
and broad for both dyes, and a sharp band is observed for the v(CN) of the malononitrile
acceptor groups of P1. The v(C=C) of the bodipy acceptor groups of BOD2 are weaker,
but bands at 1543 cm™ and 1385 cm™ in the infrared spectrum of BOD2 are attributed
to these vibrations. When the dyes are adsorbed on nickel oxide the v(C=Q) vibration
of the carbonyl is absent, which is consistent with the anchoring of the dye to the nickel
oxide surface. For BOD2|NiO a small shoulder is present in the carbonyl region but this
is difficult to identify due to the overlap of this band with the infrared vibrations of nickel

oxide.
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Figure 4.26: Ground state infrared spectra of P1, BOD2 and their precursor molecules. Coloured boxes
indicate bands relating to v¥(C=C) of thiophene (yellow), triphenylamine (blue), and bodipy (brown)
vibrations. Green boxes indicate the v(C=0) of the carbonyl and pink boxes indicate the v(CN) of the

nitrile stretch. All samples were crushed and pressed into potassium bromide disks except for thiophene

which was run neat.
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Figure 4.27: Comparison of the ground state vibrational spectra of P1 and BOD2 as powders and when
adsorbed on nickel oxide. Sensitised films on FTO coated glass were scraped, crushed and pressed into

potassium bromide disks.
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Assignment Wavenumber, cm™!
P1 P1|NiO

CN 2222 2224
C=0 1693 br
C=C (Phenyl) 1568, 1491, 1319, 1263, 1179 1570, 1491, 1321, 1265, 1188
C=C (Thiophene) 1427, 1244 1433

BOD2 BOD|NiO
Cc=0 1693 br
C=C (Phenyl) 1595, 1481, 1317, 1261, 1188 1597, 1321, 1271, 1188
C=C (Bodipy) 1541, 1381 1543, 1385
C=C (Thiophene) 1423, 1224 1458, 1227

Table 4.11: Assignment of bands from ground state infrared spectra, characterised from the ground state

infrared spectra of precursor molecules. Assignments are from the spectra shown in Figure 4.26.

4.5.3 Infrared spectroelectrochemistry

Spectroelectrochemical analysis in the infrared region was performed for a triphenylamine
derivative, the bodipy acceptor and a precursor molecule which contained a tripheny-
lamine donor, thiophene 7 bridge and carboxylic anchor group, to characterise the in-
frared spectra of the oxidised donor (D) and the reduced acceptor (A”) for BOD2. The
structures of these molecules are shown in Figure 4.28 and Figure 4.29. The experiment
was run in an OTTLE cell using methods described in Experimental Section 3.5, with
a supporting electrolyte of tetrabutylammonium perchlorate in deuterated chloroform as
this solvent was found to give the fewest bands in the region of interest (2000 cm™ to 1000
cm™). The cell containing the sample in supporting electrolyte was placed in the path
of an infrared spectrometer, and a reducing or oxidising potential was applied and held
whilst consecutive spectra were taken. The potentials of the first reduction or oxidation
were checked via cyclic voltammetry prior to the experiment and these values were chosen
for chronoamperometry. In most cases the spectra did not fully return to the ground state
after the applied potential was returned to zero, which is likely to be due to reactions
between electrochemically generated species and oxygen in the cell, as it was not possible
to effectively degas the system. The spectra are plotted as absorbance difference spectra

for comparison with time-resolved infrared spectra.
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Figure 4.28: Absorbance difference spectra in the infrared region as an oxidising or reducing potential
is applied to triphenylamine-based molecules (shown inset) in an OTTLE cell with 0.1 M TBACIO, in
deuterated chloroform. a) 0 to 1.0 V vs Ag/Ag™; b) 0 to -1.4 V vs Ag/Ag™. Regions relating to solvent

and supporting electrolyte species which saturate the detector have been set to zero.
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Figure 4.29: Absorbance difference spectra in the infrared region as the bodipy acceptor (shown inset) is
electrochemically reduced in an OTTLE cell with 0.1 M TBACIO, in deuterated chloroform. 0 to -1.0 V
vs Ag/Ag™. Regions relating to solvent and supporting electrolyte species which saturate the detector

have been set to zero.

Changes in the infrared spectrum of a simple triphenylamine compound (D) as an oxida-
tive potential was applied are shown in Figure 4.28 a). Upon oxidation, the #(C=0) of the
carbonyl groups at 1700 cm™ shift to higher energy, and the v(C=C) phenyl vibrations at
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1590 cm™, 1506 cm™, 1319 cm™ and 1286 cm™ decrease, as a sharp band grows at 1550
cmt, together with a weaker band at 1252 cm™. When a reducing potential was applied
to a triphenylamine molecule with a thiophene 7 bridge, a band at 1442 cm™ grows and
is attributed to the v(C=C) of the thiophene bridge, due to similarity with the ground
state infrared spectrum of this molecule (Figure 4.26). Infrared difference spectra of the
electrochemical reduction of a bodipy molecule (A), which has similar structure to the
acceptor group of BOD2 are shown in Figure 4.29. Upon reduction, a band at 1602 cm™

decreases and bands at 1410 cm™, 1216 cm™ and 1183 cm™ grow.

4.5.4 Time-resolved infrared spectroscopy

The infrared analysis presented in the previous sections indicates that both P1 and BOD2
have suitable infrared handles, as the v(C=0) of the carboxylic anchor groups and the
v(C=C) of the triphenylamine donor and thiophene bridges give strong signals which shift
upon reduction or oxidation. The v(CN) of the malononitrile acceptor groups of P1 and
the v(C=C) of the bodipy acceptor of BOD2 also give characteristic vibrations. Ultrafast
time-resolved infrared spectroscopy was used to investigate the changes in these bands
upon excitation with a 532 nm laser pulse. The setup was the same as for time-resolved
infrared experiments of CAD3 and CAD4 in Section 4.4.5 and details are given in the
Experimental Section 3.7. Dichloromethane and deuterated acetonitrile solutions of P1
and BOD2 were added to a Harrick solution cell and infrared spectra were taken following
laser excitation. These solvents were used to compare the results with previously reported

transient absorption spectra of P1 and BOD2.%2

Infrared spectra were recorded at various time delays following excitation, and were re-
peated for sensitised nickel oxide films in the presence and absence of an electrolyte
containing 3 mM iodine and 0.1 M lithium iodide in deuterated acetonitrile. The time-
resolved infrared difference spectra are shown in Figure 4.30. The spectra were analysed
with a single-point method at selected frequencies and also a global analysis method. As
the dynamics of the time-resolved infrared spectra were complex, average lifetimes were
calculated from single-point analysis using Equation 4.5 for each band and are given in
Tables 4.12 and 4.13. Full single-point analysis which gives the multi-exponential fits for
both dyes is detailed in the Appendix in Tables A.6 and A.7.
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Figure 4.30: Time-resolved infrared difference spectra of P1 and BOD2 at selected time delays following
excitation at 532 nm. a),b) In dichloromethane solution; c¢),d) on nickel oxide; e),f) on nickel oxide with

3 mM I, and 0.1 M Lil in deuterated acetonitrile; g),h) in deuterated acetonitrile.
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Assignment Lifetime, ps
CH:Cly CD3CN NiO NiO|T- /13

CN Too34 = 836 £127 Togas = 54 £19  Tog0g = 143 £143
Too93 = 1094 £139 Too17 = 30 £15 Too11 = 87 £24
Ta17s = 892 £91 To173 = 13 £0.3 79173 = 86 £30
To146 = 968 £104 Tor130 = 48 £24  To130 = 238 £42

C=0 Ti742 = 1091 £192
T1719 = 978 £172

C=C (Phenyl) Tisss = 1139 £28 71589 = 37 £3  T1598 = 97 £24 71595 = 188 £27
T1s61 = 1163 £28 71564 = 39 £3  7T1572 = 102 £12 79575 = 202 £28
T1a9s = 1103 £27  T1450 = 34 £6 71553 = 50 £14 T1s55 = 33 £5
Tiaa7 = 1148 £64  T1309 = 29 4 T1500 = 47 £5 T1s510 = 296 £31
T1333 = 1153 £76 71310 = 36 £3  T1306 = 98 £14  Ty395 = 186 +24
T1z24 = 1100 £67 T1314 = 51 £9 Ti314 = 122 £21
T1310 = 1127 +65

C=C (Thiophene) 71434 = 1184 £45 71436 = 42 +4  7T1434 = 87 £12  Ty436 = 172 £22
T1a07 = 1073 £29  T1407 = 35 £3 71380 = 220 £47  T1396 = 263 +48

Table 4.12: Amplitude weighted average lifetimes derived from single-point analysis of time-resolved

infrared spectra of P1. Agxe = 532 nm.

In dichloromethane the time-resolved infrared spectra of P1 contain negative bands at 2234
cm™ and 1434 cm™ which correspond to the ground state v(CN) of the malononitrile and
v(C=C) vibration of the thiophene, respectively, consistent with the ground state infrared
spectra. These bands shift to lower energy upon excitation with a sharp transient band
at 1407 cm™ for the thiophene v(C=C) vibration and multiple bands at 2221 cm™, 2178
cm™ and 2146 cm™ for the v(CN) stretch. The shift to lower energy of these bands is
consistent with an increase in electron density on the bridges and acceptor groups upon
excitation, which suggests the formation of an intramolecular charge-transfer excited state.
The presence of multiple bands in the v(CN) region indicates multiple conformations,
which is consistent with computational studies performed by Dr. Penfold which showed
asymmetrical distribution of the charge on the acceptor groups in the first excited singlet

state.63
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A weak negative band at 1719 cm™ is attributed to the v(C=0) of the carboxylic anchor
which shifts to 1742 cm™ upon excitation, signifying a decrease in electron density on the
anchor group in the charge-transfer excited state. The intensity and shift of this band is
similar to that observed for the CAD1 and CAD2,?! and an expansion of this region is

shown in Figure 4.31.

T T T T T T T T T T T
1800 1780 1760 1740 1720 1700 1680

Wavenumber (cm™)

Figure 4.31: Expansion of the carbonyl region of the time-resolved infrared spectra of P1 in
dichloromethane solution at selected time delays following excitation at 532 nm. This region has been

smoothed using adjacent averaging.

Sharp transient signals at 1583 cm™ to 1561 cm™ and 1498 cm™ to 1447 em™ are attributed
to phenyl v(C=C) stretches which overlap with the ground state vibrations and mask the
bleach in this region. For P1 in dichloromethane, the transient and negative signals decay
with similar lifetimes (7 = ca. 1.1 ns). In deuterated acetonitrile the spectral features
in the fingerprint region are similar to those in dichloromethane, except that the phenyl
bands at 1589 cm™ to 1564 cm™ are shifted slightly to higher energy by ca. 5 cm™ and the
transient band relating to v(C=C) of the thiophene groups at 1407 cm™ is weaker. The
first excited singlet state decays faster, 7 = ca. 35 ps, in deuterated acetonitrile, which
is similar to the singlet excited state lifetime of P1 in acetonitrile previously reported
from transient absorption experiments by Qin et al® In Qin’s work, the fast excited
state lifetime was attributed to aggregation and intermolecular charge transfer, generating
an intermolecular P1"P1- charge-separated state. However, we would expect a solvent

dependence if an intermolecular charge-separated state were present and no difference is
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observed in the spectral shape for P1 in dichloromethane and deuterated acetonitrile in
the fingerprint region. Another possibility is that the energy of the lowest singlet excited
state is lowered when P1 is dissolved in acetonitrile which is more polar, as this could also

affect the excited state lifetime.

The time-resolved infrared spectra of P1 adsorbed on nickel oxide contain similar spectral
features in the v(CN) region to those of P1 in dichloromethane. The bleach at 2228 cm™!
for P1|NiO is shifted to higher energy relative to solution, which is consistent with the
ground state spectra. Multiple transient bands in this region suggest that the asymme-
try is retained when P1 is adsorbed on nickel oxide. In the fingerprint region however,
the spectra are different to in solution. Negative signals at 1598 cm™ to 1572 cm™ are
attributed to the ground state v(C=C) vibrations of the phenyl groups, and mask the
transient signals which were observed in solution. This suggests that the v(C=C) tran-
sient bands in this region are narrower than their corresponding ground state bands,
which is similar to the infrared spectrum of D relative to D from spectroelectrochemi-
cal analysis of triphenylamine (Figure 4.19). This species is therefore attributed to the
charge-separated state, and the transient bands decay with similar lifetimes which sug-
gests that only one species is formed. The decay was fit to a bi-exponential function
which is consistent with heterogeneous recombination dynamics previously reported for
P1 adsorbed on nickel oxide.® In the presence of an electrolyte containing iodine and
lithium iodide, the lifetimes associated with P1|NiO are generally longer. This may be
due to a similar process which was observed for CAD3 and CAD4 where an association

with species in the electrolyte reduced recombination.

The transient infrared spectra of BOD2 in dichloromethane are more complex than that
of P1. For clarity, the spectra of BOD2 in dichloromethane are shown at early (up to
ten picoseconds) and late (up to one nanosecond) delay times following excitation in
Figure 4.32. Average lifetimes from single-point analysis of time-resolved infrared spectra
are given in Table 4.13, and the full single-point analysis is given in Table A.7. Upon

I are formed within

excitation at 532 nm, negative signals at 1543 cm™ and 1324 cm”
the time resolution of the experiment, and are attributed to the ground state v(C=C)

vibrations of the bodipy groups due to similarity with the ground state spectrum.

115



Chapter 4

AA (x10%)

14

0.004ns 2

0.012

0.09

0.1ns

0.3

1800

1500

1700 1600

Wavenumber (cm™)

1400

1300 1700

1600 1500

Wavenumber (cm™)

1400

Figure 4.32: Time-resolved infrared difference spectra of BOD2 in dichloromethane at selected time delays

following excitation at 532 nm. a) At short delay times (5 ps to 90 ps); b) at long delay times (100 ps to

1 ns).

Assignment

CH2 Clz (pS)

Lifetime

CD3CN (ps)

NiO (ns)

NiO|I' /I3 (ns)

C=0

T1738 rise = 21 £8
T173s = 009 £72
T1715 rise = 30 £10
T1715 = 368 £70

C=C
(Phenyl)

T1598 rise = 20 £8
T1598 — 492 +£102
T1573 rise = 23 +6

T1573 — 499 :|Z89

T1497 Tise = 8 £2
T1a97 = 43 £10
T1597 Tise = 6 £2
T1597 = 69 £10

T1570 rise = 7 £3

T1573 — 0.028
£0.009

T1570 — 0.37 +£0.12

C=C
(Bodipy)

T1543 — 458 £+30
T1525 rise = 405 +66
T1525 — 616 000

£+100 000
T1507 — 44 £+5
T1339 — 28 +3

T1324 — 233 271 £59 000

Tisr0 = 41 +8
T1sa3 = 60 £5
T1507 = 7 £0.9
Tisa0 = 18 £2
T1324 = 59 £9

T1s43 —2.74 £0.57
T1s530 = 2.36 +0.53
T1s00 = 2.11 £0.36
T1507 = 2.30 £0.48

T1550 — 144 +1.9
T1520 — 29 £+9
T1505 — 8.86 £1.65

C=C
(Thiophene)

T1409 rise = 22 +4

T1409 — 495 £+49

T1416 rise = 5 £1

T1416 — 61 :|:6

T1484 — 6.53 £1.7

T1480 — 111 439
T1405 — 3.04 £0.97

Table 4.13: Average lifetimes obtained from single-point analysis of the time-resolved infrared spectra of

BOD2, at selected frequencies following excitation at 532 nm.
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A sharp positive band at 1339 cm™ is also formed on this timescale, and is attributed to
the bodipy singlet excited state, along with a weak band at 1507 cm™. As these bands
decay with 7 = 25 ps, a weak bleach and transient grow at 1715 em™ and 1738 cm™,
respectively, and resemble the v(C=0) of the carbonyl group. The shift of the v(C=0)
to higher energy upon excitation suggests the formation of the charge-transfer excited
state. A strong transient signal relating to the v(C=C) of the thiophene group at 1409
cm™ also grows in on the same timescale as that of the carbonyl, together with a bleach
of the v(C=C) of the phenyl group at 1598 cm™ and its corresponding transient band at
1573 cm™.

This second transient species decays with 7 = ca. 500 ps, as sharp transient band grows in
at 1525 cm™. This final species decays with 7 = ca. 600 ns, and is attributed to a bodipy-
localised triplet excited state, as this was observed previously in transient absorption
experiments of BOD2 in dichloromethane, and decayed with a similar lifetime.'® A small
shoulder on this band at 1517 ecm™ grows with the triplet band, but decays faster. Due
to overlap with bands at 1507 ' and 1525 cm™, the decay of the band at 1517 cm™ could

not be sensibly fit. An expansion of this region is shown in Figure 4.33.
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Figure 4.33: Expansion of the time-resolved infrared spectra of BOD2 in dichloromethane, showing the

region containing the bodipy-localised triplet excited state at selected time delays following excitation at

532 nm.

To separate the infrared spectra of each species, a global analysis method was used for
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BOD2 in dichloromethane and the results are shown in Figure 4.34. In the region 1500
cm™ to 1525 cm, the infrared spectra of the bodipy excited singlet state (species 1,
blue), the charge-transfer excited state (species 2, red) and the bodipy triplet excited

state (species 3, green) overlap.
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Figure 4.34: Results from global analysis of time-resolved infrared spectra of BOD2 in dichloromethane.

Aexc = 532 nm. a) Decay-associated difference spectra; b) evolution-associated difference spectra.

In deuterated acetonitrile, the v(C=C) of the thiophene band shifts to 1417 cm™, and
the v(C=0) of the carbonyl group is weaker. Bands at 1507 cm™ and 1340 cm™ are
assigned to singlet bodipy excited state, as observed for BOD2 in dichloromethane, with
ground state bleaches at 1543 cm™ and 1324 cm™. The sharp band at 1525 cm™ which
was attributed to the triplet excited state in dichloromethane is not present in deuterated
acetonitrile. The bodipy singlet excited state decays with 7 = ca. 10 ps as bands relating
to the v(C=C) of the phenyl groups at 1597 cm™, 1570 cm™ and 1497 cm™ grow. This is
attributed to the formation of the charge-transfer excited state, and this species decays
to the ground state with 7 = ca. 60 ps. The decay of the charge-transfer state is on a

shorter timescale than in dichloromethane, which is consistent with the trend observed

for P1.

When BOD2 is adsorbed on nickel oxide in the presence and absence of an electrolyte
containing iodine and lithium iodide in deuterated acetonitrile, the time-resolved infrared
spectra contain similar features to the charge-transfer excited state, which was observed

in solution at ca. 20 ps. A broad signal is present across the recorded frequencies for
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BOD2|NiO and also BOD2|NiO|I" /I3~ which was not observed for P1|NiO, though this
is likely due to noise as the amplitudes of transient signals are considerably smaller for
BOD2. The v(C=C) of the thiophene group which appeared at 1409 cm™ in solution is
not as intense for BOD2|NiO, which is also similar to P1|NiO. The bleach of the phenyl
band at 1587 cm™ was too weak to resolve meaningful kinetics. The band at 1507 cm™ is
attributed to the bodipy singlet excited state, together with the strong bleach at 1543 cm™.
Spectroelectrochemical reduction of a simple bodipy (Figure 4.29) showed the growth of
a band at 1410 cm™, which unfortunately overlaps with the band at 1409 cm ! which is
attributed to the v(C=C) of the thiophene in the time-resolved infrared spectra, so the

presence of bodipy™ could not be confirmed.
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Figure 4.35: Results from global analysis of the time-resolved infrared spectra of BOD2 adsorbed on
nickel oxide in the presence and absence of 3 mM Iy and 0.1 M Lil in deuterated acetonitrile. Left) decay-
associated difference spectra; right) evolution-associated difference spectra. The region which contains

signals from the charge-transfer excited state and charge-separated state is highlighted with a black box.
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In general the features do not evolve over time which is different to BOD2 in solution.
Instead the spectra resemble the charge-transfer excited state. However the bands do not
all decay with consistent time components, which suggests that more than one species is
present. Average lifetimes from single-point analysis of the time-resolved infrared spectra
on nickel oxide are shown in Table 4.13. Long-lived components are present for bodipy
v(C=C) bands, and phenyl v(C=C) bands generally decay faster. Results from global
analysis in Figure 4.35 show an overlap of signals around 1510 cm™. The long-lived signal
is attributed to the charge-separated state and does not have a strong signal in the infrared

region.

Only the charge-separated state is observed in the time-resolved infrared spectra of P1
adsorbed on nickel oxide which suggests efficient injection and this agrees with the results
from transient absorption data.® In the time-resolved infrared spectra of BOD2 absorbed
on nickel oxide, however, the charge-transfer excited state is observed together with the
charge-separated state, which suggests less efficient formation of the charge-separated
state for this system which is likely the reason for the lower quantum efficiency of BOD2
relative to P1. The presence of both excited and reduced species has been observed for

ruthenium dyes on nickel oxide previously by Queyriaux et al.®

4.5.5 Conclusions

The aim of this study, and of this chapter in general, was to investigate the charge-
recombination process of push-pull dyes adsorbed on nickel oxide to relate the photophys-
ical, electrochemical and excited state dynamics to the photovoltaic performance. In the
case of P1 and BOD2, time-resolved infrared spectroscopy revealed that the formation of
the charge-separated state was less efficient for BOD2|NiO than for P1|NiO, and this is
consistent with the relative performance of these dyes in p-type nickel oxide dye-sensitised
solar cells. Global analysis of the time-resolved infrared spectra of BOD2|NiO was used to
extract the spectrum of the charge-separated state and it was revealed that this overlaps
with the charge-transfer excited state. For P1 the v(CN) stretch of the malononitrile
acceptor group was a useful infrared handle in the nitrile region, and is more easily dis-
tinguished than bands in the fingerprint region, such as those observed for CAD3 and
CAD4, and also for BOD2.
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Importantly, this study characterised the infrared spectrum of a bodipy-localised triplet
excited state which is present as a sharp band at ca. 1525 cm™ for BOD2 in dichloromethane,
but is not present in acetonitrile. The presence of the bodipy singlet excited state con-
firmed that the triplet excited state is formed through the decay of the charge-transfer
excited state. Interestingly, this triplet excited state was not observed for BOD1 and

BOD3-5 which have similar structures to BOD2.
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Chapter 5

Photoinduced Charge Transfer of
Organic-Polyoxometalate Systems in

Solution

5.1 Aims

This chapter presents the photoinduced dynamics of photosensitiser-polyoxometalate hy-
brid structures in solution. Laser excitation of the organic photosensitiser results in rapid
charge transfer to the covalently-attached polyoxometalate. These dynamics are depen-
dent on the polyoxometalate structure, metal atom, counter cation, structure of the linker
group and the structure of the bridge between the polyoxometalate and photosensitiser.
These materials have potential uses in solar energy conversion or photocatalysis which

require multiple electrons to be stored and released.

5.2 Introduction

Contributions for Chapter 5: The design and synthesis of polyoxometalate hybrids were
performed by Dr. Izzet, and the samples were provided to us for photophysical analysis.
The electrochemical properties of the hybrids in acetonitrile were also provided to us by
Dr. Izzet. Spectroscopic analysis and electrochemistry in dichloromethane was performed

by the author of this thesis.

127



Chapter 5

Polyoxometalates (POMSs) are anionic clusters of d-block metals (M = Mo, W, V, Ta and
Nb) in high oxidation states with oxygen ligands. They may also contain heteroatoms (X
= P, As, Si, Ge). The structures of the polyoxometalates discussed in this chapter are
based on Dawson [XoM;30gs] and Keggin [XM;50,40| anions, but a large variety of struc-
tures with one or more types of metal have been reported.!? Polyoxometalate anions are
known to be able to accommodate multiple electrons without large reorganisation ener-
gies or degradation,®® which makes them potentially useful for multi-electronic processes,
for example electrocatalysis and photo(electro)catalysis.>®® These compounds have been

investigated for applications such as water oxidation catalysis,® ! proton reduction'? 14

and energy storage.!> 18

Electron donating or accepting groups can be attached to polyoxometalates through co-
valent or ionic interactions to produce hybrid materials, though covalent attachments are
favourable as they can improve the solubility of the polyoxometalate and increase com-
munication between the polyoxometalate and the appended group.’® A successful route
to covalent systems can be made through organotin or organosilicon linkers, which attach
to lacunary anions where one or more metal centres of the polyoxometalate have been
lost.2520 For photocatalysis applications, a light-absorbing group is needed as polyox-
ometalates only absorb in the ultraviolet region. In this case the photosensitiser transfers

charge to the polyoxometalate through a conjugated bridge following excitation by light,

as shown in Figure 5.1.

Chromophore Chromophore

Figure 5.1: Representation of photoinduced charge transfer in a covalently-bound photosensitiser-

polyoxometalate hybrid.

A number of hybrid structures with covalent bonds between polyoxometalates and photo-
sensitiser moieties have been reported, including examples from the groups of Harriman,
Odobel and Proust with chromophores such as spiropyran, pyrenes, porphyrins, perylenes
and ruthenium complexes.?! 2> A study by Proust’s group investigated the photoinduced

dynamics exhibited by iridium complexes attached to both Dawson and Keggin poly-
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oxometalates through organosilicon and organotin linkers.?2® The structures of these
iridium-polyoxometalate hybrids are shown in Figure 5.2. The polyoxometalate struc-
tures are represented by octahedra of metal atoms or heteroatoms surrounded by oxygen
ligands. The hybrids are named relating to their structure, K = Keggin, D = Dawson, W
= tungsten, Mo = molybdenum, Si = organosilicon linker, Sn = organotin linker. The
Keggin structure contains twelve tungsten or molybdenum metal atoms around one single
heteroatom (P). The Dawson structure is formed from two lacunary Keggin monomers,
[XWyOs34™]. For all compounds the polyoxometalate was reduced following excitation of
the iridium complex, and in the presence of a sacrificial electron donor a two-electron re-

duction on the polyoxometalate was achieved for the Dawson system with an organosilicon

linker, DWg;[Ir].?"

KWsi[lr] KWsn[lr] DYsi[Ir] DWsq[lr]

Figure 5.2: Iridium-polyoxometalate hybrid systems reported in ref [29]. Blue octahedra represent [WOg],

green octahedra represent [POy].

Both the structure of the polyoxotungstate and the 7 linker group were found to have an
effect on the rates of intramolecular charge transfer.?® In general, upon excitation of the
iridium chromophore, intramolecular charge-separation occurred on a faster timescale for
systems containing Keggin polyoxometalates than Dawson polyoxometalates. The linker
group had an even more significant effect on the timescales of both charge-separation and
charge-recombination, with charge-separation occurring on a picosecond timescale for sys-
tems containing an organosilicon linker group and on a nanosecond timescale for systems
containing an organotin linker group. Similarly, charge-recombination occurred over a

few nanoseconds for organosilicon systems and hundreds of nanoseconds for organotin
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systems.

The polyoxometalate hybrid structures discussed in this chapter are shown in Figure
5.3 and contain covalently-bound boron dipyrromethene (bodipy) photosensitisers. As
previously mentioned in Section 4.3, bodipy molecules are useful chromophores as they
commonly have high molar absorption coefficients in the visible region and are synthet-
ically simple to functionalise. This allows tuning of the bodipy-polyoxometalate hybrid
through modifications to the bodipy group, for example an anchor group could be added to
graft the photosensitser to a semiconductor surface. The hybrid systems described in this
work are based on two polyoxometalate structures, Keggin (KWg[BOD,|, KWg,[BOD,],
KMeg [BODs]|) and Dawson (DWg[BOD|rga, DWsi|BOD:|1Ea, DWsi|BOD1|1MaA).

‘ h

KWs,[BOD;] KMo, [BOD;]

P N ’/

®
AN®/\ \lll/
) ®

DWSI[BODllTBA DWs][BOD]_]TEA DWSi[BODllTMA

Figure 5.3: Structures of bodipy-polyoxometalate hybrids with organosilyl or organotin attachments.
Blue octahedra represent [WOg|, green octahedra represent [PO,4| and orange octahedra represent [MoOg|.

TBA = tetrabutylammonium; TEA = tetraethylammonium; TMA = tetramethylammonium cations.

The Keggin structures KWg,[BOD,| and KM°g,[BOD,| contain the same bodipy photo-
sensitiser, with a 2,8-diethyl-1,3,7,9-tetramethyl bodipy core and an alkynyl group at the
meso position, linking the bodipy to the POM via a phenyl-alkynyl bridge. KWg;[BOD;]
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contains an organosilicon linker and two bodipy photosensitisers with a phenyl group
at the meso position so the bridge is phenyl-alkynyl-phenyl. These hybrids are the
first examples of Keggin-type polyoxometalates covalently-bound to bodipys, with one
other example of a bodipy-polyoxometalate system reported based on an Anderson-type
polyoxometalate.® The Dawson structure DWg;[BOD: |, is analogous to KWg|BOD,],
with an organosilicon linker, tungsten metal, tetrabutylammonium cations and a phenyl-
alkynyl-phenyl bridge to the bodipy groups. DWg|BOD;|rga and DWg[BOD;|rma con-
tain tetraethylammonium and tetramethylammonium counter cations, respectively. The
structures of the bodipy photosensitisers are similar to those in Section 4.3 where the
bodipy groups were used as acceptors. In this chapter we investigate the properties of the

bodipys as donating groups.

Upon excitation of the bodipy there are a number of possible relaxation pathways which
are represented by the energy level diagram in Figure 5.4. Excitation (green) can form
bodipy-centred singlet or triplet excited states. From here a BODTPOM- charge-transfer
excited state can be formed (red), or the excited state can relax directly to the ground
state (blue). The charge-transfer excited state can recombine to the ground state directly

(purple) or via the triplet excited state (orange).

BODS*POM
1 BOD*POM-

BOD™ POM | 1
>
8o
(]
c
Ll

BOD POM |

Figure 5.4: Energy level diagram of possible excitation and relaxation pathways for bodipy-

polyoxometalate (BODPOM) hybrids.

The following sections outline the photoinduced charge transfer mechanisms of each
bodipy-polyoxometalate hybrid using ultrafast time-resolved spectroscopies to investi-

gate the effects of hybridisation, the linker group, the metal atom, the polyoxometalate
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structure and the structure of the counter ion.

5.3 Effect of hybridisation

The photophysical and electrochemical properties of bodipy photosensitisers and polyox-
ometalate starting materials were compared to those of the hybrid compounds. Dawson
and Keggin starting materials with organotin and organosilicon linker groups have been
previously studied by Proust? and are shown in Figure 5.5. Organosilicon and organotin
linker groups are coupled to BOD; and BOD, via phenyl-iodo groups to form the hybrid

structures.
I S
<Snj

“]aTBA @ 4TBA

/
KWsn[1] KMosq[1]

Figure 5.5: Structure of bodipy and polyoxometalate starting materials with organosilyl or organotin
linker groups. Blue octahedra represent [WOg], green octahedra represent [PO4] and orange octahedra

represent [MoOg].

The trimethylsilyl-protected bodipys BOD; and BOD, are used as reference compounds
for the photosensitiser. BOD; has the same structure as the bodipy group in KWg;|BOD],
DWg|BOD|rga, DVgi|BOD: |1 and DWVg[BOD;|rma. BODs has the same structure as
the bodipy group in KWVg,[BOD,| and KMeg,[BOD,|.
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5.3.1 Photophysical properties

The absorption spectra of BOD{, BODy, KWg|BOD; |, KWV, [BOD,| and KM°g,[BOD,| in
dichloromethane and acetonitrile solutions are shown in Figure 5.6, with the photophysical
properties detailed in Table 5.1. The polyoxometalate group does not contribute to the
absorption spectrum in the visible region and instead the spectra are dominated by the
bodipy chromophores. In both solvents a typical sharp So-S; bodipy absorption band
is present with a shoulder at higher energy. The absorption maximum of KWg[BOD,]
is consistent with that of BOD;, whereas the absorption maxima of KWSH[BODQ] and

KMeg [BOD,| are red-shifted slightly from BOD,. This suggests a slight contribution

from the organotin group to the 7 system of the bodipy and bridge.

Figure 5.6: Normalised electronic absorption (solid lines) and emission (dashed lines) spectra of Keggin

bodipy-polyoxometalate hybrids and bodipy photosensitisers in dichloromethane and acetonitrile solu-

tions.
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Absorption  Emission  Egg e TFL Ppr,
M (110) A (nm) (V) (dm? mol ! cm?) (us)
Dichloromethane
BOD; 527 540 2.33 72 000 5.5 0.67
BODs 574 590 2.14 53 000 6.9 0.52
KW [BOD;| 527 541 2.33 140 000 0.9 (63%), 4.3 (37%) 0.07
KWs,[BOD;| 579 600 2.10 55 000 5.4 0.22
KMeg, [BODs] 579 597 2.11 50 000 1.2 0.06
Acetonitrile
BOD, 522 538 2.34 5.4 0.60
BODs 568 588 2.15 5.9 0.43
KW [BOD;| 522 538 2.34 1.1 (73%), 5.4 (27%) 0.06
KWg,[BODy| 573 598 2.11 4.6 0.16
KMeg, [BOD,] 573 596 2.12 0.94 0.02

Table 5.1: Photophysical properties of Keggin bodipy-polyoxometalate hybrids and bodipy photosensi-
tisers. Fluorescence lifetimes, 7py,, were determined by fitting single exponential decay functions, with
the exception of KWg;[BOD;| which was fit using a bi-exponential decay function. The amplitude of each
component is given in brackets. ®py, is the quantum yield of fluorescence. *Molar absorption coefficient

values in dichloromethane were determined by Dr. Izzet.

In dichloromethane the absorption spectra are shifted by ca. +5 nm relative to acetoni-
trile. The absorption profiles of BODy, KWg,[BOD,] and KM°g,[BOD,]| are red-shifted
and broadened relative to that of BOD; and KWSi[BODl], which is a result of increased
conjugation between the bodipy core and the group at the meso position for BODy due
to less rotational freedom around the bodipy-alkyne bond than the bodipy-phenyl bond.
The electronic absorption spectra of Dawson bodipy-polyoxotungstate systems were also
recorded, and are shown in acetonitrile solution in Figure 5.7. Their absorption profiles
are also dominated by the bodipy groups and there is little difference when the cation
is changed from tetrabutylammonium to tetraethylammonium or tetramethylammonium.
Similar to the Keggin systems, the polyoxometalate does not contribute to the absorption

spectrum in the visible region.
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1.04 - DWSI[BOD1]TBA
DWSI[BOD1]TEA
08 DW51[BOD1]TMA
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Figure 5.7: Normalised absorption spectra of DWVg;[BOD1|rga, DWsi[BOD1]tEs and DWg;[BOD;]tma

in acetonitrile.

The molar absorption coefficients of KWg,[BOD,| and KM°g,[BOD,| are similar to BOD,.
When two bodipy groups are present in KWg;[BOD;], the molar absorption coefficient is
twice that of BOD;. This is higher than the molar absorption coefficients recorded for
BOD2-5 studied in Section 4.3 which also contained structures with two bodipy chro-

mophores.

Emission lifetime and fluorescence quantum yield values were measured as described in
the Experimental Section 3.6.1, and the emission decays are shown in Figure 5.8. The
fluorescence quantum yields of KWg|BOD,| and KM°g,[BOD,| are ca. 90 % lower than
their corresponding bodipy chromophores, BOD; and BOD,, respectively, and the fluo-
rescence lifetimes are shorter for the hybrid systems (7p, = ca. 1 ns) than the separate
bodipy groups (7, = ca. 6 ns). The emission lifetime of KWg[BOD;]| also contains a
longer component which is on the same timescale as BOD;, suggesting that quenching of
the bodipy is less efficient for this system. This is even more significant for KWg,[BOD,|
which has an emission lifetime similar to that of BODy and the fluorescence quantum

yield is reduced by just 50 % upon hybridisation.
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Figure 5.8: Fluorescence decay traces of BOD;, BODs and bodipy-polyoxometalate hybrids. a) In
dichloromethane; b) In acetonitrile. Excitation with an LED bulb, A\ = ca. 400 nm. The data was
deconvoluted using the software on the instrument. The lifetimes of each decay, 7y, are given in Table

5.1.

5.3.2 Steady state vibrational absorption

The infrared spectra of BOD;, BODy, KWV [BOD,|, KWVg,[BOD,| and KMeg,[BOD,| are
shown in Figure 5.9 and the frequencies of the major bands are given in Table 5.2. The
main bands in the fingerprint region are due to the bodipy groups and are similar to
those observed for BOD2 in Section 4.5. Two intense bands at 1535 cm™ to 1539 cm™
and 1470 cm™ to 1475 cm™ and a sharp band at 1313 cm™ to 1322 cm™ are attributed

to the v(C=C) of the phenyl groups, highlighted in blue on the infrared spectra.

A weaker band at 1378 cm™ is present in all spectra and was also present in the infrared
spectrum of BOD2 suggesting that this band is related to the v(C=C) of the bodipy
groups. It is difficult to distinguish bands relating to the polyoxometalate from those
of the bodipy, which may be due to the low relative intensity of the polyoxometalate
vibrations. There are also no bands in the region between 2000 cm™ to 2200 cm™ where
the alkyne stretch on the bridge would be expected. However, the bands highlighted in
yellow in Figure 5.9 at 1272 cm™ to 1248 cm™ for BOD; and 1263 cm™ to 1233 cm™
for BOD, are different from those in the infrared spectra of the corresponding POMs.
It is therefore proposed that these bands are related to the linker group. In this region
there are two bands between 1275 cm™ to 1263 cm™ for KWg;[BOD,| which contains an

organosilicon linker and one band at 1266 cm™ for KWg,[BOD,| and KM°g, [BOD,| which
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contain organotin linkers.
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Figure 5.9: Ground state infrared spectra of BOD;, BODy and Keggin bodipy-polyoxometalate hydrids.
Samples were crushed and pressed into potassium bromide disks. Coloured boxes indicate bodipy and

phenyl vibrations v(C=C) (blue) and vibrations relating to the linker group (yellow).
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Wavenumber, cm™

BOD;, 1535, 1475, 1457, 1314, 1181
1271, 1261, 1249
BOD, 1535, 1471, 1454, 1312, 1183
1262, 1248, 1232
KW [BOD,] 1539, 1475, 1320, 1190
1274, 1264
KW, [BOD,] 1539, 1472, 1320, 1195
1265
KMeg, [BOD,] 1538, 1472, 1320, 1194
1265

Table 5.2: Frequencies of the major bands in the ground state infrared spectra of Keggin bodipy-
polyoxometalate hybrids and their corresponding bodipy photosensitisers, from the infrared spectra in

Figure 5.9.

5.3.3 Electrochemistry

The electrochemical properties of hybrid systems were investigated by cyclic voltammetry,
and were compared to those of bodipy photosensitisers and polyoxometalate starting
materials. The redox properties of KWgI|, KWgu|I] and KM°g,[I] in acetonitrile solution
have been previously reported and the values mentioned here are taken from ref [29].
The cyclic voltammograms and differential pulse voltammograms of KWgi|I], KWVg,[I],
KMeg, [T], KWVg[BOD; |, KWV, [BOD,| and KMeg,[BOD,] in dichloromethane (Figures 5.10
and 5.11) were recorded by the author of this thesis using a three electrode setup with
a saturated calomel reference electrode, glassy carbon working electrode and platinum
counter electrode. The values for BOD; and BOD, in dichloromethane and acetonitrile
were provided to us by Dr. Izzet. The electrochemical properties including new and

reported data are detailed in Table 5.3.

In general, the redox properties of the bodipy groups and polyoxometalate groups in the
hybrid structures occur at similar potentials to those of the separate components, which
suggests there is little electronic communication between the photosensitiser and the poly-
oxometalate. This is similar behaviour to previously reported iridium-polyoxometalate

systems where the redox properties of the hybrids were similar to the separate polyox-

138



Chapter 5

ometalates and photosensitisers.?® A small additional process is observed at a similar
potential to the second reduction of KWg;[BOD;| which is not present for KWVg;|[I|. How-
ever, this process is not assigned to a bodipy-centred reduction, as there is no process
identified at this potential for the reduction of BOD;.?! The bodipy-centred oxidation
processes in KWg,[BOD,| and KM°g,[BOD,| occur at a slightly more positive potential
than BOD,. The first reduction potential of the polyoxotungstate in KVg,[BOD,]| occurs
at a more negative potential by ca. 500 mV than KVg|[BOD;|. This has been previously
observed for KWg,[I] and KWg;|[I], and is due to the differences in charge, as the reduction
of the organotin polyoxometalate involves one electron compared to the organosilicon
which involves two electrons.?®?? This relative potential difference is significant as the
reduction potential of the polyoxometalate in KWg,[BOD,] is positioned higher in energy
than the reduction potential of the bodipy so charge transfer from the bodipy to the poly-
oxometalate is thermodynamically unfavourable for this system, whereas it is favourable

for KWSi [BODl]
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Figure 5.10: Cyclic voltammograms of KWg;[I], KWg,[I], KM°g,[I] and Keggin bodipy-polyoxometalate
hybrids in dichloromethane solution with 0.1 M TBAPFg. A glassy carbon working electrode, platinum
wire counter electrode and saturated calomel reference electrode were used and the scan rate was 100

mV /s. Bodipy-centred and POM-centred processes are indicated with red and blue symbols respectively.
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Figure 5.11: Differential pulse voltammograms of KWg[l], KWg,[I], KM°g,[I] and Keggin bodipy-
polyoxometalate hybrids in dichloromethane solution with 0.1 M TBAPFg. A glassy carbon working
electrode, platinum wire counter electrode and saturated calomel reference electrode were used and the
scan rate was 100 mV/s. Bodipy-centred and POM-centred processes are indicated with red and blue

symbols respectively.

The reduction potential of polyoxomolybdate in KM°g,[BOD,|, which also contains an
organotin linker, is shifted to a more negative potential by only ca. 100 mV relative
to KWVg;[BOD;], and there is still an enthalpic driving force for charge transfer in this
system. A comparison of the relative driving forces will be discussed in Section 5.3.4.
The reduction potentials of KWglI], KWgy|I] and KMeg,[I] are shifted to a more negative
potential by ca. 150 mV in dichloromethane relative to the values reported in acetonitrile.
The oxidation potentials of BOD; and BOD, are similar and are less affected by solvent
than the polyoxometalates. The reduction potential of BOD, is more positive than BOD;
by ca. 200 mV, which we propose is due to the 7 system extending over the alkyne group,

favouring its reduction.
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BOD/BOD* BOD/BOD- POM/POM- POM-/POM?*

(V vs SCE)
Dichloromethane

2BOD, 1.00 -1.35
KWgil1] -0.49 -1.00
KW [BOD;| 1.03 -1.35 -0.48 -1.01
2BOD, 0.98 -1.05
KWan[1] 111 -1.59
KWs,[BODg| 1.13 -0.98 -1.11 -1.58
KMeg, [1] -0.63 -1.10
KMeg, [BOD,] 1.15 -1.00 -0.56 -1.21

Acetonitrile
2BOD, 1.07 -1.15
K WgilT] -0.32 -0.83
aKWg;[BOD;| 1.03 -1.16 -0.31 -0.83
2BOD, 1.03 -0.92
aKWg, 1] -0.97 -1.42
aKWg,[BODy] 1.22 -0.89 -1.01 -1.49
agMog [1] -0.47 -0.89
aKMeg [BOD,| 1.16 -0.93 -0.46 -1.12

Table 5.3: Electrochemical properties of Keggin bodipy-polyoxometalate hybrids along with their corre-
sponding bodipy photosensitisers and polyoxometalate starting materials in dichloromethane and acetoni-
trile solutions, with 0.1 M TBAPFg supporting electrolyte. A glassy carbon working electrode, platinum
wire counter electrode and saturated calomel reference electrode were used. *The values in acetonitrile

were provided to us by Dr. Izzet, along with the values for BOD; and BODs in dichloromethane.

The electrochemical properties of the Dawson bodipy-polyoxometalates DVg;[BOD;|1ga,
DWg|BOD|tga and DWg|BOD:|rya were recorded by Dr. Izzet and are given in the
Appendix, Figure A.4. The reduction potential of the polyoxometalate is shifted to a
more negative potential by ca. 400 mV for the Dawson systems relative to KWg;|I], which
is similar to behaviour previously reported by the group of Proust.?® Changing the counter
cations to tetramethylammonium shifts the first reduction of the polyoxometalate to a

more positive potential and similar to that of KW g[BOD,].

141



Chapter 5

5.3.4 Driving forces

The electrochemical and photophysical properties of the bodipy-polyoxometalate hybrids
are combined to determine the excited state oxidation potential of the bodipy group
(BOD*/BOD™") and the driving forces for intramolecular charge-separation and charge-
recombination, AGgcg and AGp.. (BOD*/BOD™) was determined from the bodipy-
centred oxidation of the hybrid system (BOD/BOD™) and the Eg energy:

BOD"/BOD" = BOD/BOD" — Eq (5.1)

AGgg is the energy difference between the excited state oxidation potential of the bodipy
and the first reduction potential of the polyoxometalate group (POM/POM"),as shown in
Equation 5.2. AG;,. is determined according to Equation 5.3. The term for electrostatic
interactions is not included,?? which relates to the dielectric constant of the solvent and the
distance between the charges. Despite being a simplification, this method of estimating
is often used as it is unlikely to have a significant effect. The relevant values are detailed

in Table 5.4.

AGcs ~ E(BOD"/BOD") — E(POM/POM") (5.2)

AGree ~ E(POM/POM") — E(BOD"* /BOD) (5.3)

BOD*/BOD™* (V vs SCE) POM/POM- (V vs SCE) AGcs (6V) AGiec (6V)

Dichloromethane
KW [BOD;| -1.30 -0.48 -0.82 -1.51
KWs,[BODy] -0.97 111 0.14 -2.24
KMog [BODy| -0.96 -0.56 -0.40 -1.71
Acetonitrile
KW [BOD;| -1.31 -0.31 -1.00 -1.34
KWg,[BOD;] -0.89 -1.01 0.12 -2.23
KMeg, [BOD,| -0.96 -0.46 -0.50 -1.62

Table 5.4: Driving forces for POM"BOD™ charge-separation and charge-recombination in bodipy-
polyoxometalate hybrids.
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The energy-level diagram in Figure 5.12 summarises the relative driving forces of charge-
separation and charge-recombination for KW g;[BOD;|, KWg,|[BOD,| and KM°g,[BOD,]| in

both dichloromethane and acetonitrile solutions.
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Figure 5.12: Energy level diagram of bodipy-polyoxometalate hybrids, representing the data in Table 5.4.

a) In dichloromethane; b) in acetonitrile solution.

Charge transfer from the bodipy to the polyoxometalate for KW g;[BOD;] and KM°g,[BOD,]
are thermodynamically favourable processes, whereas this process is unfavourable for
KWg,[BOD,| in both solvents. For all systems there is a large driving force for charge-
recombination. In general the AGgg is greater by ca. 100 mV for systems in acetonitrile

compared to dichloromethane.

5.4 Linker and Bridge

In this section time-resolved spectroscopy of KWg|BOD;| and KWVg,[BOD,]| is used to
compare the excited state dynamics of bodipy-polyoxotungstate systems with different
linker groups. The bodipy of KWg[BOD;| has a phenyl group at the meso position
whereas KWg,[BOD;,| has a shorter bridge with an alkynyl group. The organosilicon
analogue of KWg,[BOD,| was unstable when synthesised, but this study still allows a

sensible comparison of the two linker groups.
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5.4.1 Spectroelectrochemistry

Spectroelectrochemical analysis was used to determine the visible spectra of oxidised bod-
ipy and reduced polyoxometalate species. Samples in a solution of 0.1 M tetrabutylammo-
nium hexafluorophosphate were added to an OTTLE cell as described in the Experimental
Section 2.3.3, and a reducing or oxidising potential was applied as ultraviolet-visible spec-
tra were taken. For polyoxometalates, the reducing potential was applied stepwise over
the range of the first two reduction processes observed via cyclic voltammetry. The differ-
ence spectra of BOD; and BOD, in dichloromethane solution are shown in Figure 5.13.

The ground state absorption saturates the detector causing spikes in the negative signal.
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Figure 5.13: Absorbance difference spectra taken in the visible region as BOD; and BODy were oxidised
and reduced electrochemically in an OTTLE cell, with 0.1 M TBAPFg in dichloromethane as supporting
electrolyte. a) BODy, 1.0 V vs fc/fc™; b) BODs, 1.0 V vs fc/fc™; ¢) BODy, -1.5 V vs fc/fct; d) BODs,
-1.5 V vs fe/fe”.

In general, signals for BODy™ and BODy™ were weaker than those generated for BOD;.

Upon oxidation, the visible spectrum of BOD; in dichloromethane forms a sharp peak at
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400 nm, as the ground state is depleted between 450 nm to 550 nm. Upon oxidation of
BOD, a sharp peak also grows, but is red-shifted by 60 nm relative to that of BOD;. The
spectra of BOD;" and BOD," resemble BOD4", a bodipy of similar structure which was
discussed previously in Section 4.3 and whose spectroelectrochemistry is shown in ref [33].
The absorption band of BOD;" is red-shifted relative to its ground state and has a sharp
peak at 550 nm and a broader peak at 400 nm to 450 nm. BODy™ is blue-shifted relative
to its ground state. The spectrum of BODy™ is similar to the oxidised form, BOD, ", but
the sharp peak is red-shifted to 500 nm. The spectrum of BOD4 contained a peak which
was red-shifted relative to the ground state, which is consistent with that observed for

BODl_.

Spectroelectrochemical reductions of KWg;[I] and KWg,[I] were performed in dichloromethane
and acetonitrile solutions and the difference spectra are shown in Figure 5.14. Generally,

the observed changes upon reduction were weaker in dichloromethane than in acetonitrile.
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Figure 5.14: Absorption difference spectra as polyoxometalate starting materials are electrochemically
reduced in an OTTLE cell with 0.1 TBAPFg. a),c) In dichloromethane; b),d) in acetonitrile. KWg;[I] 0
to-1.2 Vvs Ag/Ag"; KWgy[l] 0 to -2.0 V vs Ag/Ag".
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The visible spectra of the KWg;[I]" and KWg,|I]" contain broad bands at wavelengths above

700 nm. In acetonitrile this band is sharper for KWVg,[I]” than KWg|I]".

5.4.2 Transient absorption spectroscopy

The excited state dynamics of KWg;|[BOD;| and KWg,[BOD,| were followed in the vis-
ible region using ultrafast transient absorption spectroscopy. These experiments were
also performed for BOD; and BOD, to characterise the bodipy first excited singlet
states. Dichloromethane and acetonitrile solutions of bodipy chromophores and bodipy-
polyoxometalate hybrids were excited with a 540 nm laser pulse and visible spectra were
recorded at various time delays following excitation, according to the experimental setup
described in Section 3.7. Single-point analysis of the kinetic data was used to deter-
mine the lifetimes associated with each sample, and global analysis was used for bodipy-

polyoxometalate hybrids where more complicated dynamics were evident.

Transient absorption difference spectra of BOD; and BOD, at selected time delays after
excitation are shown in Figure 5.15, and lifetimes from single-point analysis are given in
Table 5.5. The spectral features and singlet excited state lifetimes of BOD; are similar in

both dichloromethane and acetonitrile solutions (7 = ca. 5 ns).

Lifetime, ns
Dichloromethane Acetonitrile
BOD; 7343 = 4.9404 7345 = 5.5£1.6
Tazo = 5.310.2 7435 = 4.34+0.2
Ta99 = 4.940.1  T499 = 4.540.2
Tss1 = 5.1+0.2 7585 = 4.14£0.2

BOD2 T430 — 1.6+0.07 T380 — 4.34+0.1
T586 — 2.240.08 T640 — 6.0+0.2
Teoo = 2.4+0.07

Table 5.5: Lifetimes derived from single-point analysis of transient absorption data of BOD; and BODs.

A single exponential function was used to fit each decay. Aexe = 540 nm.

A negative signal corresponds to the ground state bleach between 475 nm and 650 nm,

with some stimulated emission at longer wavelengths. This is consistent with steady
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state measurements where the ground state absorbs between 450 nm and 500 nm, and
emission occurs between 500 nm and 600 nm. The transient signal contains a broad peak
centred at 430 nm. The amplitude of the transient signal is considerably smaller for BOD,
compared to BOD; in both solvents. A small peak at 430 nm decays with 7 = 2.2 ns
and a broad bleach extends past the laser wavelength. In acetonitrile the transient peak
is blue-shifted to 380 nm. The photoinduced signals decay slightly slower in acetonitrile

relative to dichloromethane (7 = ca. 5 ns in acetonitrile).

15
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Figure 5.15: Transient absorption difference spectra of BOD; and BODs at selected time delays following

excitation at 540 nm. a),c) In dichloromethane; b),d) in acetonitrile.

The photoinduced dynamics of KWg|[BOD;| and KWVg,[BOD,| are shown in Figure 5.16
and are different to BOD; and BOD,, with lifetimes from single-point analysis given in
Table 5.6. At short delay times (0.5 ps to 300 ps) the transient absorption spectra of
KWg[BOD| in both dichloromethane and acetonitrile resemble that of BOD;, which is
consistent with the formation of the bodipy first excited singlet state. This transient
decays with 7 = ca. 40 ps in dichloromethane, on the same timescale as the decay of

the bleach at longer wavelengths, which is attributed to stimulated emission. The singlet
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excited state decays slightly faster in acetonitrile (7 = ca. 25 ps).

A sharp absorption centred at 405 nm which closely resembles BOD; " generated elec-
trochemically (Figure 5.13), and a broad band which absorbs above 650 nm resembling
KWl (Figure 5.14) grow on the same timescale as the first excited singlet state de-
cays. The appearance of these two peaks is convincing evidence of the formation of the

POM BOD™ intramolecular charge-separated state.
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Figure 5.16: Transient absorption difference spectra of KWg;[BOD;] and KWg,[BOD3|. Aexe = 540 nm.
a),b) in dichloromethane after short and long delay times; c¢), d) in acetonitrile after short and long delay

times; e) in dichloromethane; f) in acetonitrile.
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Lifetime, ns

Dichloromethane Acetonitrile
KW [BOD;| T352 = 0.0464+0.004
T405(rise) = 0.035+0.002 Ta02(rise) = 0.032+0.003
Ta05 = 2.940.1 Ta02 = 1.1£0.03
Ta45 = 0.0474£0.003 Ta38 = 0.06£0.02
Ts00 = 3.140.1 Tea0 = 0.05+0.005
Tss5 = 0.047+0.002 T779(rise) = 0.023+0.005
Tess (rise) = 0.043+0.01 T779 = 1.940.6
Tess = 3.3£0.3
KWg,[BODs| T396 = 4.240.3 T396 = 2.240.1
Ta31 = 3.54+0.1 (86%), 100 (14%)> Taa9 = 3.64£0.2
Tas50 = 4.240.1 Ts99 = 3.610.4
Ts99 = 2.6+0.3 (97%), 100 (3%)* Tes0 = 3.910.3
Tes0 = 3.430.2

Table 5.6: Lifetimes derived from single-point analysis of transient absorption data of bodipy-

polyoxometalate hybrids. *A component of 100 ns was fixed to account for long-lived species.

The charge-transfer excited state decays with 7 = ca. 3.3 ns in dichloromethane and 7 =
ca. 2 ns in acetonitrile. An expansion of the transient absorption spectra of KWg[BOD;|

in dichloromethane is shown in Figure 5.17 and shows the growth and decay of POM-.
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Figure 5.17: Expansion of the transient absorption spectra of KWg[BOD;| showing POM- in
dichloromethane. a) At short delay times after excitation; b) at long delay times after excitation. Aexc =

540 nm.
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In a study by Matt et al. which has been discussed previously,?® charge-separation of
the iridium analogue of KWg|BOD;| occurred with 7 = 4 ps in dimethylformamide,
faster than observed for KWg;[BOD;| in both dichloromethane and acetonitrile. Charge-
recombination of both systems was similar (7 = 1.5 ns). The transient absorption spectra
of KWg,|BOD,| were simpler than that of KWg;[BOD,|. In both solvents, a negative signal
corresponding to the ground state bleach absorbs between 500 nm and 700 nm. This is
red-shifted relative to KWg;[BOD;|, which is consistent with the ground state absorption
spectra (Figure 5.6). A second bleach is present at 400 nm, together with a transient
signal at 450 nm. The transient signal resembles the singlet excited state of BODy, and
decays with a similar lifetime in acetonitrile (7 = ca. 4 ns). In dichloromethane a residual
transient signal is present at delay times longer than 10 ns, and a bi-exponential function
was used to fix the slow component at 100 ns. This analysis suggests that the bodipy-
centred singlet excited state is formed for KWg,[BOD,| but the charge-transfer excited

state is not formed.
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Figure 5.18: Global analysis of transient absorption data of KWg[BOD;| and KWg,[BODs] in
dichloromethane. a),c) Decay-associated difference spectra; b),d) evolution-associated difference spec-

tra.
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This agrees with electrochemical analysis which showed that charge transfer from the
bodipy to the polyoxometalate was energetically unfavourable for KWg,[BOD,| due to the
more negative reduction potential of the polyoxotungstate with an organotin linker group.
Results from global analysis of KWg;[BOD;] in dichloromethane are shown in Figure 5.18
along with that of K™Vs,[BOD,]. For KWg|[BOD;| the two time components, 54 ps and
4.77 ns, represent the first excited singlet state (species 1) and the charge-separated state
(species 2). The decay-associated difference spectra of KWg,[BODs| in dichloromethane
were also fit to two time components and the long component (7 = 413 ns) consists of
a sharp absorption band similar to the bodipy-localised triplet excited state which was
present for BOD2 previously reported by our group.?* The absence of a charge-transfer

excited state suggests that the triplet excited state is formed directly upon excitation.

5.4.3 Time-resolved infrared spectroscopy

Time-resolved infrared spectroscopy was used to probe vibrational changes of BOD;,
BOD,, KWVg[BOD;| and KWVg,[BOD,]| following excitation at 540 nm. The experimental
setup was the same as for transient absorption spectroscopy, except an infrared probe
pulse and infrared detector were used. Experiments were run using deuterated solvents
as these gave the fewest infrared bands in the fingerprint region. In general the analysis

was consistent with transient absorption experiments.

The time-resolved infrared spectra of BOD; and BOD, in deuterated acetonitrile are
shown in Figure 5.19 and contain similar features in the fingerprint region. Negative
bands at 1545 cm™, 1482 cm™ and 1323 cm™ are at similar positions to bands observed
in the ground state spectra (1535 cm™, 1475 cm™ and 1314 cm™). There are a number of
sharp transient bands at 1503 cm™, 1427 cm™, 1385 cm™, 1343 cm™ and 1295 cm™. The
transient infrared bands for both BOD; and BOD, in deuterated acetonitrile all decayed
with the same lifetime and did not evolve over time, and were similar to those determined
from transient absorption spectroscopy. An average lifetime was calculated as described
in Equation 2.14 in Experimental Section 2.3.2 and gave 7,5, = 3.6 ns for BOD; and 74,

= 3.3 for BODs.
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Figure 5.19: Time-resolved infrared difference spectra of bodipy photosensitisers in deuterated acetonitrile

at selected time delays after excitation at 540 nm.

The time-resolved infrared spectra of KWVg;[BOD;| and KWg,[BOD,| were more compli-
cated than that of BOD; and BOD, so decay-associated and evolution-associated dif-
ference spectra are used to represent the time components of each system instead of
single-point analysis. Time-resolved infrared spectra are shown in Figure 5.20 and results

from global analysis are shown in Figure 5.21.
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Figure 5.20: Time-resolved infrared spectra of KWg;[BOD;| and KWg,[BOD>] at selected time delays

following excitation at 540 nm. a),c) In dichloromethane; b),d) in deuterated acetonitrile.
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For KWy; [BOD; | the bands present in deuterated dichloromethane and deuterated acetoni-
trile are similar, whereas the transient bands in the spectra of KVg,[BODs] in deuterated
dichloromethane are considerably weaker are are harder to resolve. Initially, the time-
resolved infrared spectra of KWg|BOD;| and KWg,[BODs]| resemble that of BOD; and
BOD,, respectively, confirming the formation of the bodipy singlet excited state at short
delay times. The spectra of KWg,[BOD,| contain an additional band at 1571 cm™. For
KWg[BOD;|, the transient band at 1418 cm™ in deuterated dichloromethane and 1427
cm™ in deuterated acetonitrile evolves over time, and is attributed to the formation of the
charge-separated state. Decay-associated difference spectra show this band more clearly
(Figure 5.21 b) and d)). The broad band highlighted in a black box shifts to higher
wavenumbers to give a second species which has a lifetime of 7 = 2.5 ns in deuterated
dichloromethane and 7 = 1.3 ns in deuterated acetonitrile. This is on the same timescale
as the charge-transfer excited state observed in transient absorption spectra for this sys-

tem.

In the time-resolved infrared spectra of KWs,[BOD,|, the bodipy-centred triplet excited
state which was observed in transient absorption experiments could not be distinguished.
Instead, a fast (7 = 10 ps) component was present together with a nanosecond component
which had a similar lifetime to the singlet excited state, 7 = 4.2 ns. The short-lived
component is likely due to fast relaxation processes. The band at ca. 1420 cm™ does not
evolve over time, which supports our conclusion that a charge-transfer excited state is not

accessed for this system.
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Figure 5.21: Results from global analysis of the time-resolved infrared spectra of KWg;[BOD;| and

KWg,[BODg]. Left) decay-associated difference spectra; right) evolution-associated difference spectra.

The energy level diagrams in Figure 5.22 are proposed for KWg;[BOD;| and KWg,[BOD,]

given the information gained from time-resolved spectroscopies.
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For KWg;[BOD,| the excited state oxidation potential of the bodipy is more negative than
for KWg,[BOD,| so there is a large driving force for charge-separation in both solvents
for the former system and the charge-transfer excited state is formed. Recombination is

slightly faster in acetonitrile relative to dichloromethane.
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Figure 5.22: Energy level diagram showing the processes which occur when KWg[BOD;| and

KWSH[BODQ] are excited at 540 nm in dichloromethane and acetonitrile solutions. Lifetimes are de-

termined from global analysis of time-resolved data.

The first poyloxometalate-centred reduction of K" g;[BOD,]| is also the most positive of all
the systems studied here and the charge-transfer excited state recombines to the ground
state without access to the triplet excited state. The charge-transfer excited state is not
formed for KWg,[BODs| as the reduction potential of the polyoxometalate is more negative
and there is no driving force for charge-separation. We also observe a small amount of the

bodipy-centred triplet excited state in the transient absorption spectra of this system.
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5.5 Tungsten vs molybdenum

The charge transfer dynamics of KWg,[BODy| and KM°g, [BOD,| are compared using
time-resolved spectroscopy to investigate the effect of changing the polyoxotungstate to

a polyoxomolybdate.

5.5.1 Spectroelectrochemistry

Changes in the visible absorption as KM°g,[I] is reduced to KM°g,[I]" are shown in Figure
5.23. The spectrum of KMOSH[I]‘ consists of a broad peak above 650 nm, similar to that
observed for KWg|I]" and KWg,[I]". The absorption difference spectra in dichloromethane
are much weaker than in acetonitrile which was also observed for the polyoxometalates

discussed in the previous section.

Mo
0.005 1 ) KM5n[BOD] T b) KM°s,[BOD:] T
;5 0.000
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Figure 5.23: Absorbance difference spectra upon electrochemical reduction of KMg,[I] at 0 to -1.6 V vs

Ag/Ag?'. a) In dichloromethane; b) in acetonitrile.

Figure 5.24 shows an overlay of the reduced spectra of KWg,[I] and KM°g,[I]. The peak
of KMo, [1] is centred at 720 nm, and is broader and red-shifted by ca. 80 nm relative to

that of KWg,lI].
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Figure 5.24: Overlay of the absorbance spectra of electrochemically generated KWg,[I]" and KMeg,[I].

a) In dichloromethane; b) in acetonitrile.

5.5.2 Transient absorption spectroscopy

The previous section described the time-resolved spectroscopy of KWg,[BOD,], which did
not form a charge-transfer excited state in either solvent, but formed a small amount of
bodipy-centred triplet excited state in dichloromethane. The first reduction potential of
the polyoxomolybdate in KM°g,[BOD,| is more positive than that of the polyoxotungstate

in KWSH[BODZ], which we anticipate will allow access to the charge-transfer excited state.

The transient absorption spectra of polyoxomolybdate KM°g,[BOD,| show different dy-
namics in dichloromethane and acetonitrile. The spectra, shown in Figure 5.25, are dif-
ferent to that of both KWg[BOD;| and KWg,[BOD,|. Results from single-point analysis
are detailed in Table 5.7. In dichloromethane, a bleach which absorbs between 500 nm
and 650 nm is attributed to the ground state absorption and was fit to a bi-exponential
function with a 500 ps component and a longer ca. 500 ns component. At the edge of the
bleach at longer wavelengths 7 = 140 ps, which corresponds to the stimulated emission.
A second bleach at 395 nm contains two time components which match the stimulated
emission (7 = 130 ps) and the long-lived species present in the ground state bleach (7 =

382 ns).

157



Chapter 5

10

-0.005 ns 50
| a) CH,Cl, I b) MeCN ns
‘] !
0.04 0.0002
o 0.1 o 0.26
= =
-5
2 1.2 2 1.3
-104
' 1000 1 33

400 500 600 700 400 450 600 650 700 750
Wavelength (nm) Wavelength (nm)

Figure 5.25: Transient absorption difference spectra of KM°g,[BOD,| at selected time delays following

excitation at 540 nm. a) In dichloromethane; b) in acetontrile.

Lifetime, ns

Dichloromethane Acetonitrile
KMeg, [BODy] 7305 = 0.13£0.009 (67%), 382477 (33%)
T431 = 962£26 T394 = 0.1340.01
Tasa = 0.61£0.02 (92%), 486+£206 (8%) 7449 = 0.19£0.03 (56%), 2.4+0.4 (44%)
Tag2 = 0.75£0.05 Tss3 = 0.02£0.005 (39%), 1.7+0.1 (61%)

Tss0 = 0.50£0.004 (56%), 532+69 (44%)  Tes0 = 0.07+0.01 (78%), 4.5+£2.5 (22%)
Tes2 = 0.14£0.005

Table 5.7: Lifetimes derived from single-point analysis of transient absorption spectra of KM°g,[BODy)]
in dichloromethane and acetonitrile solutions. Aexe = 540 nm. Where a multi-exponential fit is used, the

amplitudes of each component are given in brackets.

A transient signal which resembles the first excited singlet state of BODs is formed around
450 nm, and contains multiple time components. This suggests that multiple species with
similar absorption spectra are overlapping in this region. For this system which contains
a bodipy with an alkyne group at the meso position, the ground state bleach is red-shifted
relative to that of BOD; and masks the area where we observed a broad signal of POM"
for KWg;[BOD;]. The initial transient evolves into a blue-shifted sharp absorption at
431 nm, which decays with 7 = 562 ns. The long-lived species is similar to the weak
signal observed for KW, [BOD,|, which we attributed to a bodipy-centred triplet excited
state. At 482 nm there is no contribution from the long-lived species and the decay is

fit to 7 = 750 ps. Global analysis of the transient absorption spectra of KM°g,[BOD,| in
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dichloromethane is shown in Figure 5.26, and was best fit to three time components.
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Figure 5.26: Results from global analysis of transient absorption data of KM°g,[BODs| in

dichloromethane. a) Decay-associated difference spectra; b) evolution-associated difference spectra.

The species associated with the first time component (180 ps) resembles the bodipy singlet
excited state and contains stimulated emission. The species associated with the second
time component (520 ps) is slightly red-shifted from the first species and evolves into the
long-lived (500 ns) species which is attributed to a bodipy-centred triplet excited state. For
this system charge transfer from the bodipy to the polyoxometalate is thermodynamically
favourable, and our group has previously reported a push-pull bodipy system BOD?2
which accesses the triplet excited state through intramolecular recombination of a charge-
transfer excited state,3 which was discussed in Section 4.5. We therefore suggest that the
triplet excited state is accessed from a charge-transfer excited state which is species 2 in

the evolution-associated difference spectra.

In acetonitrile the transient absorption spectra of KM°g,[BOD,| are similar to that of
KWg,[BOD,|. A transient species resembling the excited sinlget state of BODy is formed,
and decays with a short (190 ps) and a long (2.4 ns) component. The negative signal was
also fit to a bi-exponential function, containing stimulated emission at longer wavelengths.
Global analysis of KM°g,[BOD,| in deuterated acetonitrile (Figure 5.27) confirms that
the picosecond component contains stimulated emission and the nanosecond component
is associated with a transient species which resembles the charge-transfer excited state

observed in dichloromethane.
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Figure 5.27: Results from global analysis of transient absorption spectra of KMOSH[BODQ] in acetonitrile.
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a) Decay-associated difference spectra; b) evolution-associated difference spectra.

The formation of the charge-separated state and absence of the triplet excited state in
acetonitrile suggests that the BODTPOM- charge-transfer state is stabilised by the solvent
with increased polarity, which drops the energy of this state to below the triplet excited

state. The dynamics of KMOSH[BODQ] in dichloromethane and acetonitrile are shown by

the decay traces at selected wavelengths in Figure 5.28.
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Figure 5.28: Decay traces from single-point analysis at given wavelengths from transient absorption
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The lifetimes of the transient at 431 nm and the bleach at 580 nm in dichloromethane
are significantly longer than the transient species in acetonitrile, which consists of the
first excited singlet state and charge-transfer excited state. Figure 5.29 shows a compar-
ison of the evolution-associated difference spectra of KWg,[BOD,| and KM°g,[BOD,]| in
dichloromethane. The initial species in both cases is the bodipy singlet excited state,
which contains stimulated emission in the bleach at longer wavelengths. The charge-
transfer excited state which is species 2 for KM°g,[BOD,] is slightly red-shifted from the

singlet excited state and does not contain stimulated emission.
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Figure 5.29: Overlay of evolution-associated difference spectra of KWg,[BODs| and KMg,[BODs] in
dichloromethane, showing the singlet excited states of both systems (red and black lines), and charge-

transfer excited state of KM°g,[BODs] (blue line).

5.5.3 Time-resolved infrared spectroscopy

The time-resolved infrared spectra of KMOSH[BODQ] in deuterated dichloromethane ini-
tially resemble that of BOD, in the fingerprint region. A band at 1425 cm™ is shifted to
higher wavenumbers relative to the singlet excited state and resembles the charge-transfer
excited state observed in the time-resolved infrared spectra of KWg;[BOD,|. An additional
band at 1523 cm™ grows on longer timescales and occurs at a similar frequency to the
bodipy-localised triplet band which we observed for BOD2 in Section 4.5, which appeared

at 1525 cm™! in dichloromethane.
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Figure 5.30: Time-resolved infrared difference spectra of KM°g,[BOD,]| at selected time delays following

excitation at 540 nm. a) In deuterated dichloromethane; b) in deuterated acetonitrile.

0.4
a) CD,Cl, 051 b) cp,cl,
< 0o W > IV \V\ “go_om /SN MN\
) 3 v
< <
3 3
——0.004 ns —1
——0.18ns —2
- 051 S
041 7.1ns 3
1500 1400 1300 1200 1500 1400 1300 1200
Wavenumber (cm™) Wavenumber (cm™)
¢) CDsCN 014 d)cpsen

0.05 1

0.00 "JV\ mM Mw\ 0.0-WA ‘A\/\/\ /\/\1
/ARVASE Vish o

V\/V\JW.

A ~
o o
Al Aad
X X

-0.14
S -0.05- <

——0.097 ns — ;
20104 —1.7ns -0.24
T T T T T T
1600 1500 1400 1300 1200 1600 1500 1400 1300 1200
Wavenumber (cm™) Wavenumber (cm™)

Figure 5.31: Results from global analysis of time-resolved infrared spectra of KM°g,[BOD5]. a),c) Decay-

associated and b),d) evolution-associated difference spectra.

Figure 5.31 shows results from global analysis of the time-resolved infrared spectra of

KMeg [BODs| in deuterated dichloromethane. The data was best fit to three time com-
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ponents, which are attributed to the bodipy singlet excited state, charge-transfer excited
state and bodipy-centred triplet excited state. The time component of the triplet excited
state (highlighted in purple) is underestimated as it did not decay fully on the timescale
of this experiment. In deuterated acetonitrile the sharp bodipy-centred triplet excited
state is absent, but the band at 1428 cm™ is present. This is consistent with our analysis
of transient absorption data which showed the formation of the charge-transfer excited

state and triplet excited state in dichloromethane and the formation of the charge-transfer
excited state in acetonitrile.

Given the information gained from time-resolved spectroscopies, the following energy level
diagram can be deduced which shows the effect of changing the metal atom of a Keggin

polyoxometalate from tungsten to molybdenum.
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Figure 5.32: Energy level diagram showing the relaxation pathways and timescales of bodipy-

polyoxometalate hybrids where the polyoxometalate is changed, following excitation of the bodipy.

The charge-transfer excited state is lower in energy for the polyoxomolybdate than the

polyoxotungstate, so charge transfer is thermodynamically favourable and leads to rapid
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charge-separation for KM°g,[BOD,| in both solvents. In dichloromethane this charge-
transfer excited state is destabilised relative to acetonitrile and decays via a triplet excited

state.

5.6 Polyoxometalate structure

In this section the photoinduced dynamics of KWg|BOD;| are compared with that of
DWSi[BODl]TBA which contains a polyoxotungstate with a different structure. It has
been reported by Matt et al. that changing the Keggin anion to a Dawson anion increases
the lifetime of the intramolecular charge-separated state for an iridium-polyoxometalate
hybrid system.?® In Section 5.4, charge-separation occurred with 7 = 50 ps following
excitation of the bodipy, and charge-recombination occurred with 7 = 5 ns for the Keggin

polyoxometalate KWg;[BODy].

5.6.1 Spectroelectrochemistry

Spectroelectrochemical reduction of DWg[I] in dimethylformamide solution has been pre-
viously reported.?” In the study, the growth of a broad absorption centred at 720 nm was
observed in the visible spectrum upon the first reduction of the polyoxometalate, followed
by a sharper, blue-shifted peak upon the second reduction. Here, spectroelectrochemical
reduction of DWg;|I| was performed in acetonitrile solution and the difference spectra are

shown in Figure 5.33.
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Figure 5.33: a) Absorption difference spectra of the reduction of DWg;[I] in acetonitrile, 0 to 2.0 V vs
fc/fct; b) an overlay of KWg[I]" and DWg|I] .
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The experiment was performed in an OTTLE cell with the same setup as for KWg;|I],
KWg,[I] and KMeg, [T]. A reducing potential was applied stepwise from and visible spectra
were taken. Ferrocene was added to the sample and the oxidation was recorded to calibrate
the electrodes. The visible spectrum of DWg[I|" contains a broad peak which absorbs
above 600 nm and is centred at 840 nm. An overlay of the visible spectra of KWg|I]" and
DWglI] is also shown in Figure 5.33. The spectrum of DWg;[I]" is sharper and red-shifted

by ca. 100 nm relative to that of the Keggin analogue KWgi[I]".

5.6.2 Transient absorption spectroscopy

The transient absorption spectra of DWg;[BOD |1pa are shown in Figure 5.34 and lifetimes
from single-point analysis are given in Table 5.8. Following laser excitation at 540 nm,
the transient absorption spectra resemble that of KWVg;[BOD;], except that the intensity
of the POM" transient signal is larger for the Dawson system relative to the BOD™ signal.
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Figure 5.34: Transient absorption difference spectra of DWg;[BOD;|rpa at selected time delays following

excitation at 540 nm. a),b) In dichloromethane; ¢),d) in acetonitrile.
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Lifetime, ns

Dichloromethane Acetonitrile
DWgi[BOD:|rBa 7405 (rise) = 0.2240.01 7401 (rise) = 0.26+0.008
Ta0s = 1240.5 T401 = 3.6+0.1
T433 = 0.3340.03 (65%), 1142 (35%) T435 = 0.5740.016
Ts02 = 0.840.2 (25%), 14+1 (75%) Ta02 = 2.740.06
Ts97 = 0.3840.02 Te01 = 0.2940.009
T700 (rise) = 0.2940.07 7711 (rise) = 0.2340.03
T700 = 2043 711 = 2.940.3

Table 5.8: Lifetimes derived from single-point analysis of transient absorption spectra of DWg;[BOD1|tBA -

Where a multi-exponential fit was used, the amplitudes of each component are given in brackets.

An initial transient species is formed which has the same spectral features as BOD;*. This
decays over ca. 300 ps in both solvents as a sharp transient which resembles BOD; " grows
at 405 nm, along with a broad absorption at 700 nm. The second species is attributed to
the charge-transfer excited state which decays with 7 = ca. 15 ns in dichloromethane and
T =ca. 3 ns in acetonitrile. A solvent dependence on charge-recombination is consistent
with that observed for Kg;[BOD; |, which showed faster charge-recombination in acetoni-
trile relative to in dichloromethane. A comparison of the lifetimes associated with the sin-
glet excited state and charge-transfer excited state for K™Vg;[BOD;| and DWg;[BOD;|1ga

in dichloromethane is shown by global analysis in Figure 5.35.

——K"[BOD,] 0.05 ns ——K"_[BOD,] 1
——K",[BOD,] 5ns ——K"_[BOD,] 2
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<
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Figure 5.35: Results from global analysis of the transient absorption spectra of DWg;[BOD;|rga and
KWg;[BOD;] in dichloromethane. a) Decay-associated difference spectra; b) evolution-associated differ-

ence spectra.
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Charge-separation is about 8 times faster for KWg;[BOD;| than DWg;[BOD;|rga. Charge-
recombination is also slightly slower for the Dawson system, which is consistent with the

study by Matt et al. for iridium-polyoxometalate systems.?®

The effect of changing the Keggin polyoxotungstate to a Dawson polyoxotungstate on the
dynamics of the bodipy-POM is shown by the energy level diagram in Figure 5.36. In
both cases the charge-transfer excited state is formed and relaxation occurs directly to the
ground state without forming a bodipy-centred triplet excited state. Charge-separation

is much slower for the Dawson polyoxometalate than the Keggin but the timescales of

charge-recombination are similar.
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Figure 5.36: Energy level diagram representing the timescales of charge-separation and charge-

recombination for DWg;[BOD;|tga and KWg[BOD].

5.7 Counter cation

The photoinduced dynamics of DWVg;[BOD;|rga, DVsi[BOD:]rga and DWg;[BOD;|r\a are

discussed in this section. The Dawson bodipy-polyoxotungstates contain an organosilicon
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linker group and differ in the counter ion, a factor which has been reported to influence

the solubility and electrochemical properties of polyoxometalates.?®

5.7.1 Transient absorption spectroscopy

Transient absorption difference spectra of DWg;[BOD;|rga and DWg[BOD;|rpa in ace-

tonitrile solution are similar to that of DWg;[BOD;|rga, and are shown in Figure 5.37 with

results from single-point analysis detailed in Table 5.9. Transient absorption spectroscopy

of DWg;|BOD;|rma in dichloromethane solution was also performed, but DWVg;[BOD|rga

was not soluble in this solvent.
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Figure 5.37: Transient absorption difference spectra of Dawson bodipy-polyoxometalate hybrids at se-

lected time delays following excitation at 540 nm. a),c),d) Across the visible region; b),d),f) an expansion

of the POM region.
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Lifetime, ns

Dichloromethane Acetonitrile
DWg;[BOD;|tEA T405 (rise) = 0.00540.001 T401 (rise) = 0.18+0.01
Ta0s = 0.40+07 (40%), 23+3 (60%) Ta01 = 2.99+0.09
Tago = 0.008£0.001 (67%), 4.7£0.6 (33%)  Tazs — 0.48=0.02
Tag9 = 0.012£0.001 (52%), 142 (48%) Ta96 — 2.3%+0.05
T596 = 0.00340.0002 Teoa = 0.2240.007
7711 (rise) = 0.002+0.001 7707 (rise) = 0.18+0.03
7711 = 0.9£0.1 (40%), 31£5 (60%) Tror = 2.740.3

Table 5.9: Lifetimes derived from single-point analysis of transient absorption spectra of DWg;[BOD{|1EA.
Where a bi-exponential fit is used, the amplitudes of each component are given in brackets. Aexc = 540

nm.

Lifetime, ns
DWVgi[BODy|rea 7401 (rise) = 0.1340.004
T401 = 3.1£0.1
Ta35 = 0.524+0.04
T496 = 2.710.09
Teo1 = 0.3£0.02
T702 (rise) = 0.12+0.008
T702 = 4.9£0.5

Table 5.10: Lifetimes derived from single-point analysis of transient absorption spectra of

DWSi[BODl]TEA in acetonitrile solution. Aexe = 540 nm.

For both DWg|[BOD;|tga and DWg;[BOD:|pya in acetonitrile solution, excitation at 540
nm results in the formation of a bodipy singlet excited state similar to that formed
for DWSi[BODl]TBA. This transient decays with 7 = ca. 300 ps for all three systems,
and evolves into a charge-separated state which consists of a sharp peak at 405 nm
and a broad absorption above 650 nm. Results from global analysis of DVg;[BOD;]|1ga,
DWg|BOD|rga and DWg|BOD;|tyma in acetonitrile are shown in Figure 5.38. The dy-

namics are similar for all Dawson bodipy-polyoxometalate systems in this solvent.
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Figure 5.38: Results from global analysis of transient absorption spectra of Dawson bodipy-
polyoxometalate hybrids in acetonitrile solution. Left) decay-associated difference spectra; right)
evolution-associated difference spectta; a),b) the bodipy singlet excited state, species 1; ¢),d) the charge-

separated state, species 2.

In dichloromethane solution the transient absorption spectra of DWg;[BOD;|rya are dif-
ferent to DWg;[BOD;|rpa, confirming that the counter ion has an effect on the photoin-
duced dynamics of the bodipy-polyoxometalate hybrid system. Following excitation of
DWg|BOD]tpma, the bodipy-centred first excited singlet state is generated, together with
the sharp signal of the charge-separated state at 405 nm and 711 nm, which rises with a
lifetime of 7 = 5 ps. A bi-exponential function was used to fit the decay of the singlet
excited state and gives a short component (7 = 8 ps) and a longer component (7 = 5
ns). Stimulated emission at 596 nm decayed with 7 = 3 ps, which suggests that the
singlet excited state decays on a fast (ps) timescale to form the charge-separated state.
Results from global analysis of DWg;[BOD:|rga and DWg;[BOD:|r\a show the difference

in dynamics in dichloromethane solution (Figure 5.39).
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Figure 5.39: Results from global analysis of transient absorption data of Dawson hybrids in

dichloromethane. Left) decay-associated difference spectra; right) evolution-associated difference spectra.
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Figure 5.40: Single-point decay traces from transient absorption spectra of Dawson hybrids showing the

decay of the charge-separated state at 400 nm. a) In acetonitrile; b) in dichloromethane.
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The formation of the charge-separated state occurs on a considerably shorter timescale for
DWg[BOD|1uma in dichloromethane than DWg;[BOD;|rpa, as shown by the decay traces
in Figure 5.40. The dynamics are summarised in the energy level diagram in Figure 5.41.
DWgi|BOD:|tyma has a larger driving force for charge-separation due to the more positive
reduction potential of the system with the tetramethylammonium counter ions. This is
consistent with charge-separation in the Marcus normal region, which was also observed

for iridium-polyoxometalate hybrid systems reported by the group of Proust.?®
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Figure 5.41: Energy level diagram describing the relaxation pathways and lifetimes of Dawson bodipy-

polyoxotungstate hybrids which contain different counter ions.

5.8 Conclusions

In this study we have shown that the photoinduced dynamics of covalently-bound bodipy-
polyoxometalate compounds are dependent on the structure of the polyoxometalate, the
metal atom, the linker group, the bridge, the counter cation an the solvent. For all
systems the absorption spectra in the visible region are dominated by the bodipy groups,

and there is little electronic communication between the bodipy photosensitiser and the
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polyoxometalate in the hybrid structures. A significant solvent dependence is observed in
a number of these systems, which is attributed to then stabilisation of the charge-transfer
excited state in a more polar solvent. However, it is noted that the difference in dielectric
constant between the two solvents was not considered and in future this should be taken

into account.

For Keggin polyoxotungstates KWg;[BOD;| and KWVg,[BODs|, changing the linker group
from organosilicon to organotin shifts the first reduction of the polyoxometalate to a
more negative potential than that of the bodipy group, which leads to thermodynamically
unfavourable charge transfer for the organotin system and only the bodipy-centred singlet
excited state is formed following excitation. However, for KM°g,[BOD,| which contains a
polyoxomolybdate and an organotin linker group, the reduction potential of the POM is
shifted to a more positive potential and charge transfer is thermodynamically favourable.
Charge-separation is fast (7 = ca. 50 ps) for the polyoxotungstate KWg;|BOD;| and is
slightly slower for the polyoxomolybdate KM°g,[BOD,y| which shows a greater solvent
dependence (7 = 180 ps in dichloromethane, 7 = 98 ps in acetonitrile). The charge-
transfer excited state is stabilised in dichloromethane and charge-recombination occurs
via a long-lived triplet excited state (7 = 495 ns). This triplet excited state is not observed
in acetonitrile and instead charge-recombination for KMOSH[BODQ] occurs on a similar
timescale to KWg;[BOD;] in acetonitrile (ca. 1.5 ns). For the two Keggin systems which
form the charge-transfer excited state in acetonitrile, charge-separation occurs in the

Marcus normal region, which is consistent with reported iridium-polyoxometalate systems.

For bodipy-polyoxotungstate hybrids KWV g;[BOD;|, DVg|BOD;|rga, DWVgi[BOD;|rEa and
DWg|BOD|1Mma, the charge-separated state in the visible region is characterised as a
sharp peak resembling BOD™ and a broad peak resembling POM- at longer wavelengths.
In the infrared region the charge-separated state is identified by a slight shift and broad-
ening of the band around 1420 cm™. We also observe a significant counter ion effect, with
the charge-separated state formed fastest for DWSi[BODl]TM A in dichloromethane, whilst
charge-recombination remains similar for all systems. However, for the other Dawson sys-
tems, charge-separation is slower than for the Keggin analogue. For future optimisation
of these bodipy-polyoxometalate systems it is suggested that changing the counter cation

on the Keggin structures would be an interesting study.
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The dynamics observed from transient absorption spectroscopy were largely determined
using single-point analysis. However for KM°g,[BOD,| where the spectrum of the charge-
transfer excited state overlapped with the spectrum of the singlet excited state, global
analysis was used to successfully extract the separate components. Time-resolved infrared
spectroscopy was used to identify subtle changes in the vibrational spectra upon excita-
tion, but the transient spectra contain many bands in the fingerprint region and global
analysis was particularly useful for representing these species. The characterisation of
the triplet excited state together with density functional theory modelling would provide

further information about the nature of these species.

The bodipy-polyoxometalate systems investigated in this work are promising candidates
for photocatalysis or photo(electro)catalysis applications. The bodipy photosensitisers
have high molar absorption coefficients and suitable redox properties for most of the
polyoxometalate systems, and have sites for further functionalisation on the bodipy core.
Charge-separation is fastest for the Dawson polyoxotungstate system which contains
an organosilicon linker group and tetramethylammonium counter ion, 7 = 10 ps in
dichloromethane. The tetrabutylammonium analogue of this Dawson system showed the

longest-lived charge-separated state, 7 = 13 ns in dichloromethane.
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Performance of Cyclometalated

Ruthenium Complexes in

Dye-Sensitised Solar Cells

6.1 Aims

This chapter focuses on the photovoltaic performance of a series of cyclometalated ruthe-
nium sensitisers which differ in their ligand structures. The performances of titanium
dioxide solar cells sensitised with these complexes are compared to determine the influ-
ence of various structural modifications to the ligands including the number of anchor
groups, extending conjugation and the addition of heteroatoms. One dye is then further
optimised to achieve its highest possible performance in an n-type dye-sensitised solar

cell.

6.2 Introduction

Ruthenium (II) polypyridine complexes have been extensively investigated as sensitisers
for titanium dioxide dye-sensitised solar cells, due to their favourable properties such as
broad absorption and relatively long excited state lifetimes.! Structural modifications to
the ligands surrounding the ruthenium can allow these properties to be tuned.?* Early ex-
amples of these sensitisers include ruthenium #ris-bipyridine complexes which have shown

electron injection into the conduction band of titanium dioxide upon illumination.®% The
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bidentate 2,2’-bipyridyl ligands were modified with carboxylic acid groups (dicarboxy-
bipyridyl ligands) to anchor them to the titanium dioxide surface. Work by the group of
Grétzel in the 1990s, including the seminal paper in 1991, resulted in dye-sensitised solar
cells with power conversion efficiencies of 5-7 % using trinuclear ruthenium complexes with
bipyridine and phenanthroline ligands.”® The bipyridine complex which gave the highest
efficiency is shown in Figure 6.1 (complex 1). Following these results many ruthenium
(IT) polypyridine complexes with different ligand architectures have been synthesised and
commonly give dye-sensitised solar cells with high efficiencies. A brief summary including

some key structures is given here.

Following the success of their initial results, Grétzel’s group developed a series of ruthe-
nium (II) dicarboxy-bipyridyl complexes where one bipyridine ligand of the three was
replaced with electron donating groups.® The most successful dye (named N3) contained
thiocyanate groups and achieved a power-conversion efficiency of 10 %. The group then
developed the doubly-protonated form, N719.19 N3 and N719 are commercially available
and are still popular reference compounds for dye-sensitised titanium dioxide systems.!!!2
Their high efficiencies have been attributed to broad absorption profiles and favourable
energy levels, in addition to the direction and magnitude of the dipole which promotes
electron transfer towards titanium dioxide.!® This effect is determined by the position of
the anchor groups relative to the thiocyanate groups and their geometry at the surface.
The sulphur atoms of the thiocyanate groups are thought to interact with iodide in the

electrolyte to encourage regeneration and this effect is most enhanced when the thiocyante

groups are positioned away from the anchor groups.*
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N749 (Black dye)

Figure 6.1: Structures of some high-performing ruthenium sensitisers used in titanium dioxide solar cells.

1, ref [7]; N3, ref [9]; N719, ref [10]; C104, ref [15]; N749, ref [16]; 2, ref [17]; PRT4, ref [18].

A strategy to improve the efficiency of systems sensitised with these ruthenium complexes
includes extending the 7 system of the bipyridine ligands to broaden absorption, increase
the molar absorption coefficient and prevent aggregation.!®?! For example, the absorp-
tion coefficient of the metal-to-ligand charge transfer (MLCT) band can be increased by
incorporating electron-rich thiophene groups onto the ligands.??2* C104 is an example of
this and devices with this dye achieved efficiencies of 10.5 %.!® Increasing the extent of
conjugation on the bipyridine ligand can tune the photophysical properties but increases
the size of the dye and lowers dye adsorption at the surface.® Therefore, efforts have been
made to synthesise new ligand environments without extensively increasing the size of
the complex, such as replacing bipyridyl-type ligands with tridentate terpyridine ligands

which have been shown to extend absorption.?>2® N749, commonly referred to as the

179



Chapter 6

'black dye’ was developed by the group of Grétzel and contains a tricarboxy terypyridyl
ligand. This dye gives a high incident photon-to-current conversion efficiency of ca. 80%
across the visible spectrum. Complexes containing terpyridine ligands absorb further
into the red region than their corresponding bipyridine complexes,?® which leads to an
extended photocurrent response up to 920 nm.'® Other ligand systems include phenan-

30-32 Stydies on a

throline ligands, which have extended conjugation and a rigid structure.
series of ruthenium phenanthroline complexes in which the positions and number of an-
chor groups was modified suggested that two carbonyl groups were necessary for effective

17,33,34

injection. The phenanthroline analogue of N719 (complex 2 in Figure 6.1) gave a

power conversion efficiency of 6.1 %.17

The absorption band can be extended to longer wavelengths using a strong donor ligand,®
for example thiocyanate ligands which are common in bipyridine or terpyridine ruthenium
dyes like N3, N719 and N749. However, the highest occupied molecular orbital (HOMO)
level of these ruthenium dyes is partially delocalised over the thiocyanate ligands, so it
would be beneficial to replace these ligands with an organic system which would allow
the HOMO level to be tuned.?¢37 It has been shown that when two of the thiocyanate
ligands of N479 were replaced with a bidentate pyridine-pyrazolate ligand (complex PRT4)
there was an increase in the absorption coefficient and absorption to longer wavelengths.'®
Similarly, cyclometalating ligands have been used, and the ruthenium complexes discussed
in this chapter are in this class of dye.

Cyclometalated complexes contain ligands which make ruthenium-carbon ¢ bonds, and
there are now many examples of these as sensitisers for dye-sensitised solar cells.3¢:38
The cyclometalating ligand is favourable as a replacement for thiocyanate ligands due
to the strong o donation of the ruthenium-carbon bond3%4% and greater stability relative
to the ruthenium-thiocyante bond. Generally these ruthenium complexes contain bipyri-
dine or terpyridine ligands as well the cyclometalating ligand. The first example of a
cyclometalated ruthenium complex used in dye-sensitised solar cells was by the group of
van Koten in 2007.4142 The cyclometalating ligand was tridentate and was based on the
dicarboxy-terpyridyl ligand in which a pyridine group had been replaced with a phenyl
group (6-phenyl-2,2’-bipyridine-4,4’-dicarboxylic acid). The ligand therefore coordinated

to ruthenium through two nitrogen atoms and a carbon atom, which will be given the
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notation NANAC-donating in this thesis, and similar terminology will be used where the
donating atoms are substituted. The most successful complex from van Koten’s series
achieved an incident photon-to-current conversion efficiency (IPCE) of around 70 % and

is shown in Figure 6.2 (complex 3).

CF,

Figure 6.2: Structures of some cyclometalated ruthenium sensitisers used in titanium dioxide solar cells.

3, ref [41]; YEO5, ref [43]; 4, ref [44]; NC103, ref [45]; 5, ref [46]; 6,7, ref [47]; 8,9, ref [48].

Following this Gréatzel’s group reported the ruthenium dicarboxy-bipyridyl complex YE05
which contained a 2-(2,4-difluorophenyl)pyridine (NAC) cyclometalating ligand which
gave 10.1 % power conversion efficiency.*® There have been efforts by Berlinguette and
others to modify the pyridine-phenyl ligand such as that shown in ruthenium complex

44449 Other ruthenium complexes containing NAC ligands synthesised for this applica-
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tion include pyridine-pyrazole®® and pyridine-thiophene ligands,**! such as NC103 which
achieved a power conversion efficiency of 4.22 %. Examples of tridentate cyclometalat-
ing NACAN ligands such as pyridine-phenyl-pyridine (complex 5) reached nearly 3 %
efficiency.*® Berlinguette reported a series of CANAN and CANAC triazole-containing
ligands including complexes 6 and 7,*” and there have been similar studies on pyrazole-

containing complexes (complexes 8 and 9).4

In addition to titanium dioxide dye-sensitised solar cells, there are examples of cyclometa-
lated ruthenium complexes as sensitisers for p-type nickel oxide systems. Their absorption
in the red region is a favourable property for p-type systems which are used in tandem
dye-sensitised solar cells. The lower energy photons are often collected by the photocath-
ode and the higher energy photons are collected at the photoanode, so a red-absorbing dye
minimises the spectral overlap.??* In contrast to the cyclometalated systems discussed
in the context of titanium dioxide n-type dye-sensitised solar cells, the anchor is instead
placed on the cyclometalating ligand where the HOMO is localised. For example, Wu et al.
synthesised a series of ruthenium complexes with a NAC pyridine-phenyl cyclometalating
ligand which was extended with a triphenylamine donor group.®® The anchoring carboxylic
acid ligand is attached to the triphenylamine group and the length of the ruthenium to
triphenylamine bridge was changed.’® Bipyridine, phenanthroline and bathophenanthro-
line ligands were used as the non-cyclometalating ligands. The bipyridine complex O3
generated the highest photocurrent of 3.04 mA cm™. O3 and the phenanthroline deriva-
tive O13 are shown in Figure 6.3. Further extending the light absorption of this complex
to give O18 increased the efficiency to 0.1 %.57
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Figure 6.3: Structures of cyclometalated ruthenium dyes used as sensitisers in nickel oxide dye-sensitised

solar cells. 03,013, ref [55]; O18, ref [57]; 026, ref [58]; [BuyN][Ru(bpy)2(1)], ref [59]; K2, ref[60].

Wu’s group then developed O26 which used a naphthalenediimide acceptor group to in-
crease the charge-separated state lifetime by directing charge away from the surface.?®
Other p-type systems with the phenyl-pyridine NAC ligand have been reported by the
group of Housecroft, with a phosphonic acid anchor on the cyclometalating ligand which
achieved 0.116 % (|BuyN]|[Ru(bpy)2(1)]).?*6162 Our group has previously tested the per-
formance of a ruthenium complex containing a tridentate NANAC terpyridine derivative

as the cyclometalating ligand, K2.9°
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6.3 Cyclometalated ruthenium dyes

Contributions for Chapter 6: The design and synthesis of the structures tested here were
performed by the group of Dr. Kozhevnikov. Solar cell experiments and spectroscopic

analysis was performed by the author of this thesis.

In collaboration with the research group of Dr. Kozhevnikov, a series of ruthenium com-
plexes which contained cyclometalating ligands were designed and synthesised, and the
structures are shown in Figure 6.4. Rul-11 all contain a terpyridine ligand which has
one, two or three carboxylic acid anchoring groups. The cyclometalating ligands are
tridentate CANAO (for Rul and Ru2) or CANAN (Ru3-11). Rul2 does not contain a
cyclometalated ruthenium-carbon bond but instead two 1,4,5,8-tetraazaphenanthrene lig-
ands and a dipyridophenazine ligand through which the dye anchors via a carboxylic acid
group. Examples of ruthenium compounds containing dipyridophenazine ligands have
been reported,’ including analogues of N3 and N719,% but ruthenium complexes con-
taining 1,4,5,8-tetraazaphenanthrene have not been used as sensitisers for dye-sensitised
solar cells to our knowledge. The presence of ligands which contain non-donating nitrogen
atoms creates a 7 deficiency on the ligand,% which could make Rul2 useful for p-type

dye-sensitised solar cells and therefore it is included in this study.
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RulO Rull Rul2

Figure 6.4: Structures of ruthenium dyes studied in this chapter.
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The architectures of the cyclometalating ligands are all slightly different and the following
discussions will group comparable structures for clarity. The structures of the cyclomet-
alating ligands of each dye and their respective comparable analogues are shown in Table
6.1. Rul2 is not included in these comparisons but was still tested as a sensitiser in

titanium dioxide and nickel oxide dye-sensitised solar cells.

Ligand Comparison

Increased conjugation

CANAN to CANAO

Ru2 Ru3

Number of anchor groups

SN NS Addition of alkyl group

Pyridine to pyrazole

= =
| .
SN a N ! A Phenyl to thiophene
N~ s N_ .~
Ru8 Ru10

Table 6.1: Comparison of ligand structures for Rul-11.
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6.3.1 Steady state film absorption

The ruthenium complexes Rul-12 were adsorbed onto films of titanium dioxide on FTO
coated glass substrates, which were prepared as described in the Experimental Section
3.2. Briefly, titanium dioxide films comprised of a compact titanium dioxide layer and two
layers of doctor-bladed paste containing 20 nm anatase particles. The films were sintered
in a muffle furnace at 500 °C for 30 minutes then immersed in solutions containing 0.3 mM
of dye in 1:1 acetonitrile:tert-butanol overnight, as this experimental procedure has been
reported for high-performing n-type dye-sensitised solar cells containing N719.11 Figure
6.5 shows the steady state absorption profiles of Rul-11 when adsorbed onto titanium

dioxide films.

Panels a) and b) of Figure 6.5 compare the absorption spectra of dyes where the extent
of conjugation on the cyclometalating ligand changes. Rul contains a tricarboxylic acid
terpyridine ligand and a CANAO dibenzo|f,h|quinoline cyclometalating ligand. Ru2 also
contains a tricarboxylic acid terpyridine ligand but the structure of the cyclometalating
ligand is pyreno[5,4-b|pyridine, in which the ligand 7 system is extended over an additional
phenyl group. This increase in conjugation results in a higher absorbance around 550 nm
in the absorption spectrum of Ru2 relative to Rul. Ru7 and Ru3 have the same structures
as Rul and Ru2, respectively, except that the cyclometalating ligand is CANAN-donating
through a pyridine group in place of the carboxylic group in Rul and Ru2. For Ru7 and
Ru3 the effect of increasing conjugation on the absorption spectra is less pronounced, and
the absorption profiles are very similar to that of Ru2, which shows that the carboxylic
donating group and the pyridine donating group have a similar effect on the absorption
properties, apart from a small blue-shift of the absorption maxima from 535 nm for Ru2

to 527 nm for Ru3.

Ru6 and Ru4 contain CANAN-donating dibenzo|f,h|quinoline and pyreno|5,4-b|pyridine
ligands, the same as Ru7 and Ru3, respectively. Consistent with Ru7 and Ru3, their
absorption profiles in the visible region on titanium dioxide are not greatly affected by the
increase in conjugation. However, the absorption profiles of Ru6 and Ru4 are sharper than
that of Ru7 and Ru3, and also of Rul and Ru2, which is attributed to the contribution

to the 7 systems of an additional anchoring group present in Ru4 and Ru6.
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Figure 6.5: Absorption spectra of titanium dioxide films sensitised with ruthenium dyes Rul-11.

This is also consistent with Rub and Ru8 which contain only one carboxylic anchoring
group on the terpyridine ligand and have sharper absorption spectra relative to those con-
taining three anchoring groups. Ru8 contains a 6-phenyl-2,2’-bipyridine cyclometalating

ligand, and Ru5 contains the same dibenzolf h|quinoline ligand as Rul and Ru7. The 7
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system of Ru8 is less extensive than that of Rub, and this is reflected in the electronic
absorption spectra, as Rub has a higher absorption around 550 nm. Rub, Ru6 and Ru7
contain one, two and three carboxylic anchoring groups respectively, and the broadening
effect observed for Ru3 relative to Ru4 is also observed for these three dyes as the num-
ber of anchor groups increases (Figure 6.5 d)). For this series of ruthenium complexes,
increasing the extent of conjugation on the cyclometalating ligand increases the molar
absorption coefficient in the visible region for CANAO-donating ligands, and increasing
the number of carboxylic acid anchor groups from one to three broadens the absorption

band.

The addition of a long-chain alkoxy group to the cyclometalating ligand broadens the
absorption into the red region by ca. 60 nm (Figure 6.5 e)) for Ru9 relative to Ru8.
In fact, the addition of this group has a similar effect on the absorption spectrum as
increasing the 7 system on the cyclometalating ligand by another phenyl group, as the
absorption profiles of Ru9 and Rub are similar. The alkoxy group may also have other
benefits such as hindering aggregation at the surface. Rul0 has the same structure as Ru8
but contains a thiophene group on the cyclometalating ligand instead of a phenyl group,
and the absorption spectra of these dyes on titanium dioxide are similar. However when
the pyridine group on the other side of the cyclometalating ligand in Rub is replaced with
an N-donating pyrazole group (Rull), the absorption spectrum is blue-shifted by ca. 20
nm. These comparisons of the absorption spectra on titanium dioxide films shown that
small modifications to the cyclometalating ligand, for example the addition of an alkoxy
group, can be applied to tune the photophysical properties. Some modifications which
were anticipated to have a similar effect, for example the addition of a phenyl group to

the 7 system, do not consistently affect the absorption spectra.

Rul2 which contains 1,4,5,8-tetraazaphenanthrene ligands and a dipyridophenazine lig-
and, does not absorb as broadly as the other ruthenium dyes tested in this chapter.
Its absorption profile on titanium dioxide (Figure 6.6) is consistent with other 1,4,5,8-

tetraazaphenanthrene ruthenium complexes.%®
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Figure 6.6: Absorption spectra of titanium dioxide films sensitised with Rul2 and N719 for reference.

6.3.2 Dye-sensitised solar cells

Titanium dioxide films sensitised with Rul-12 were used to fabricate n-type dye-sensitised
solar cells in order to evaluate the photovoltaic performances of the dyes. N719 was chosen
as a suitable reference dye for these compounds to ensure that the general fabrication and
testing methods were consistent with systems already reported.!! For the following solar
cell results, titanium dioxide films consisted of a compact titanium dioxide layer followed
by two layers of transparent paste containing 20 nm anatase particles, an opaque layer of
larger particles and a final compact layer of titanium dioxide. The sensitised films were
assembled into dye-sensitised solar cells as described in the Experimental Section 3.2 with

a platinised counter electrode.

Two solutions of iodide/triiodide electrolyte were used, containing different concentrations
of iodine and additives. The first is referred to as electrolyte A in this section and consisted
of 0.1 M iodine and 1.0 M lithium iodide in acetonitrile solution. The second, electrolyte B,
consisted of 0.6 M tetrabutylammonium iodide, 0.015 M iodine, 0.5 M tert-butylpyridine
and 0.1 M guanidinium thiocyanate in acetonitrile. N719 and many other sensitisers for
titanium dioxide systems are known to achieve higher efficiencies with the additives in

electrolyte B.
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Tert-butylpyridine (and other nitrogen containing heterocycles) are commonly used to
increase the open-circuit voltage,” and it has been suggested that this is due to either the
reduction of charge-recombination between the electrolyte and electrons in the titanium

d.55768 Positive ions, for example

dioxide film, or by a negative shift of the conduction ban
guanidinium ions, have been reported to positively shift the conduction band to increase
electron injection and facilitate the assembly of a compact dye layer which reduces the
dark current and increases the photovoltage.?*™ The concentrations of these additives

have been chosen based on a system which is reported to give a power conversion efficiency

of 10 % for N719-sensitised titanium dioxide.!!

The performance of dye-sensitised solar cells were evaluated by recording their current-
voltage characteristics in the dark and under AM 1.5 1 sun illumination to determine
the power conversion efficiency. Incident photon-to-current conversion efficiency (IPCE)
plots were also recorded between 300 nm and 700 nm, and the value at the absorption
maximum of the dyes is given. The relevant photovoltaic parameters for cells fabricated

with electrolyte A are detailed in Table 6.2 and with electrolyte B in Table 6.3.

Voo (mV) Jsc (mA em®) FF (%) 15 (%) IPCE (%)

N719 450 12.8 44 2.55 75
Rul 228 1.91 95 0.24 11
Ru2 108 0.39 31 0.01 2
Ru3 223 3.41 47 0.36 23
Ru4 222 4.35 54 0.52 33
Rub 350 3.54 62 0.77 30
Ru6 325 4.8 60 0.93 17
Ru7 305 6.4 o7 1.12 33
Ru8 335 3.91 63 0.83 37
Ru9 390 6.92 63 1.7 60
Rul0 346 3.89 59 0.79 35
Rull 274 0.6 60 0.1 8
Rul2 246 0.31 43 0.03 7

Table 6.2: Photovoltaic properties of n-DSCs assembled with 0.1 M Iy and 0.1 M Lil in acetonitrile. Voc
is the open-circuit voltage; Jgc is the short-circuit photocurrent density; FF is the fill factor; # is the

power conversion efficiency.
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Voc mV) Jsc (mA em?) FF (%) 7 (%) IPCE (%)

N719 760 9.96 50 3.78 60
Rul 429 0.12 56 0.03 1
Ru2 386 0.02 99 0.01 )
Ru3 423 0.29 63 0.29 2
Ru4 546 1.8 78 0.59 15
Rub 626 0.18 57 0.06 2
Rub6 504 1.42 64 0.46 2
Ru7 565 0.32 65 0.12 1
Ru8 670 0.27 59 0.11 3
Ru9 624 0.2 60 0.08 3
Rul0 697 0.81 67 0.38 6
Rull 466 0.09 49 0.02 1
Rul2 376 0.03 71 0.01

Table 6.3: Photovoltaic properties of n-DSCs assembled with 0.6 M tetrabutylammonium iodide, 0.015
M Iy, 0.5 M tert-butylpyridine and 0.1 M guanidium thiocyanate in acetonitrile. Voc is the open-circuit
voltage; Jsc is the short-circuit photocurrent density; FF is the fill factor; n is the power conversion

efficiency.

In general, the dyes performed poorly on titanium dioxide with both electrolyte A and
electrolyte B. The performance of N719 improved with the addition of additives in the
electrolyte, achieving 2.55 % power conversion efficiency with electrolyte A, which in-
creased to 3.78 % with electrolyte B. However, Rul-12 generally performed better without
these additives. The highest efficiency achieved was for Ru9, which contains a CANAN
cyclometalating ligand with an alkoxy substituent, and one carboxylic anchoring group.

2 closely fol-

With electrolyte A, Ru9 generated a photocurrent density of 6.92 mA cm’
lowed by Ru7 which has a very different structure containing three anchor groups and a
more extended 7 system on the cyclometalating ligand. The photovoltages achieved when
electrolyte B was used were higher for all systems than when electrolyte A was used, and
the highest open-circuit voltage was achieved by Rul0 (697 mV). With electrolyte B,
Rul2 did not generate a large enough photocurrent for an IPCE value to be determined.

It should also be mentioned that dye-sensitised solar cells with p-type nickel oxide films

dyed with Rul2 were fabricated but no appreciable photocurrent or voltage was achieved.
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Despite their broad absorption on titanium dioxide, the dyes all gave low performances
relative to N719. Hybrid functional density functional theory was performed by Dr.
Martsinovich for a sample of the dyes, and the results are given in the Appendix, Table
A.9 and Figure A.5. It was found that for Ru6, Ru7, Ru4 and Ru3, the HOMO-LUMO gap
energies were similar apart from Ru3 for which the energy was slightly lower. The HOMO
levels were all above the valence band edge of titanium dioxide, but the LUMO levels were
all below the conduction band of titanium dioxide. This suggests that recombination will
be efficient but the initial electron-injection will be inefficient. This is likely the reason for
the low performance of the dyes in general. However, enough photocurrent was generated
to make some sensible conclusions regarding structure and performance, and suggests that
the estimate of the conduction band edge of titanium dioxide by density functional theory

may not be accurate.
Increasing conjugation

For dyes which are comparable by their increasing conjugation on the 7 system of the
cyclometalating ligand, there is an unexpected decrease in performance as the extent of
conjugation is increased. The current-voltage curves for Rul vs Ru2, Ru7 vs Ru3, Ru6
vs Ru4 and Ru8 vs Rub are shown in Figure 6.7. With electrolyte A there is a consis-
tent increase in both the photocurrent and photovoltage generated for dyes containing a
dibenzolf,h]quinoline ligand (Rul, Ru7, Ru6) relative to the corresponding dyes contain-
ing a phenanthro|4,5-fgh|quinoline ligand (Ru2, Ru3 and Ru4). This is accompanied by an
increase in dark current for systems with a more conjugated 7 system, which is indicative
of greater recombination between the titanium dioxide and the electrolyte. This suggests
that complexes containing ligands with bulkier 7 systems do not block recombination at
the surface as effectively as the smaller dyes. This trend is consistent with electrolyte B,

but the dark current is slightly reduced for Ru2 and Ru3.
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Figure 6.7: Current-voltage characteristics of n-type DSCs assembled with dyes which are comparable
by the extent of conjugation on the cyclometalating ligand, (left) under 1 sun illumination and (right) in

the dark. a-d) Electrolyte A; e-h) electrolyte B.
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Rub and Ru8 generate lower photocurrents than the other dyes in this comparison, but
generate a higher photovoltage which is attributed to the lower dark current, and this
trend is observed in both electrolytes. This supports the observation that larger dyes
have a higher dark current, as Rub and Rub both contain only one anchoring group and
have less bulky cyclometalating ligands. Ru8 perfoms relatively well, and generates a
similar photocurrent and photovoltage with electrolyte A to Ru5 and Ru3 which contain
more extended 7 systems. The IPCE plots shown in Figure 6.8 are for the cells whose
current-voltage curves are given in Figure 6.7. The IPCE spectra of Ru8 and Rub are
sharper than those of Rul, Ru2, Ru7, Ru3, Ru6 and Ru4, consistent with their absorption
spectra on titanium dioxide. Despite generating a relatively high photocurrent with both
electrolyte systems, the IPCE spectra of Ru6 are low, which may be due to the higher

dark current observed for this dye.
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Figure 6.8: IPCE plots of dyes which are comparable by their extent of conjugation on the cyclometalating
ligand. a),c) Electrolyte A; b),d) electrolyte B.
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Changing the donor groups

Figure 6.7 shows the comparison of Ru2 vs Ru3 and Rul vs Ru7, in which the CANAO
cyclometalating ligand is changed to CANAN. Their power conversion efficiencies in dye-
sensitised solar cells with both electrolyte A and electrolyte B follow Ru3 > Ru2 and R7
> R1. There is nearly a five times increase in the power conversion efficiency generated
by Ru7 relative to Rul in electrolyte A, four times with electrolyte B. Rul and Ru2 are
generally low performing relative to the other dyes which suggests that the CANAO ligand
with a carboxylic acid donating group does not give high efficiencies under these condi-
tions. This is likely due to a shift in the HOMO energy of the CANAO cyclometalating

ligand which influences the regeneration efficiency.
Increasing the number of anchor groups

It has been suggested for titanium dioxide dye-sensitised solar cells that dyes with two
anchoring groups are required for efficient dye adsorption and charge-injection of electrons

17,3334 This series allows a comparison of systems

from the dye into the conduction band.
which contain one to three carboxylic anchoring groups on the terpyridine ligand. The
systems which are compared here are Ru4 vs Ru3 and Rub vs Ru6 vs Ru7. For the
latter series, there is a clear trend in the increase in the number of anchoring groups
and the performance for dye-sensitised solar cells fabricated with electrolyte A. This is

shown in Figure 6.9 c¢). As the number of anchor groups increases from one to three, the

photocurrent increases and the overall power conversion efficiency increases.
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Figure 6.9: Current-voltage characteristics of n-type DSCs assembled with dyes which are comparable
by their increasing numbers of anchoring groups (left) under 1 sun illumination and (right) in the dark.

a-d) Electrolyte A; e-h) electrolyte B.
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As discussed previously, Ru6 has particularly high dark current due to titanium diox-
ide/electrolyte recombination. When electrolyte B is used, Ru6 performs better than Rub
and Ru7, which suggests that the additives in the electrolyte are hindering this recombi-
nation. Ru7 performs better than Ru5 with both electrolytes, which agrees with previous
reports that an increased number of anchoring groups increases performance. However,
Ru4 which contains two anchor groups generates a higher photocurrent than Ru3 which
contains three. This suggests that when there is no significant charge-recombination be-
tween titanium dioxide and the electrolyte, two carboxylic anchor groups are optimum.
The IPCE spectra of Ru5-7 (Figure 6.10) show that Ru4 and Ru6 which both contain
two carboxylic anchor groups, perform better than the other dyes in this comparison in
both electrolytes with the exception of Ru6 in electrolyte A which suffers from high dark

current due to recombination between the titanium dioxide and electrolyte.
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Figure 6.10: IPCE plots n-DSCs assembled with dyes which are comparable by the number of anchor
groups. a),c) Electrolyte A; b),d) electrolyte B.
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Modifying the CANAN ligand

When the pyridine group on the CANAN cyclometalating ligand of Rub is replaced with
an N-donating pyrazole group (Rull), the solar cell performance decreases with both
electrolytes. This may be due the effect on the HOMO energy of the pyrazole ligand of
Rull which contains non-donating nitrogen atoms. An increase in the HOMO level for
Rull is consistent with the absorption spectra on titanium dioxide, as the absorption
profile of Rub was red-shifted relative to Rull. The series including Ru8, Ru9 and Rul0
allows comparison of a number of structural modifications to the CANAN cyclometalating
ligand. Ru8 vs Ru9 compares the addition of a long-chain alkoxy group to the phenyl
group of the 6-phenyl-2,2’-bipyridine ligand. As shown in Figure 6.5, Ru9 with the alkoxy
chain has a broader absorption spectrum than Ru8, and the solar cell performance of Ru9

is higher than that of Ru8 with electrolyte A, Figure 6.11.

With electrolyte B, both Ru8 and Ru9 have low performance and give similar power
conversion efficiencies. When the phenyl group is replaced with a C-donating thiophene
group, Rul0, the solar cell performance is very similar to that of Ru8 with a phenyl group.
This is to be expected as the absorption spectra on titanium dioxide films were similar for
Ru8 and Rul0. However, with electrolyte B the performance of Rul0 increases relative
to Ru8, despite the higher dark current of RulO with this electrolyte. Dyes Ru8, Ru9
and Rul0 all perform surprisingly well with electrolyte A considering their small size and

sharper absorption relative to other dyes in this series.
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Figure 6.11: Current-voltage characteristics of n-DSCs assembled with dyes which are comparable by
the structure of the cyclometalating ligand (left) under 1 sun illumination and (right) in the dark. a-d)

Electrolyte A; e-h) electrolyte B.
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Figure 6.12: IPCE plots of n-DSCs assembled with dyes which are comparable by the structure of the
CANAN ligand. a),c) Electrolyte A; b),d) electrolyte B.

The current-voltage characteristics of n-type dye-sensitised solar cells assembled with
these ruthenium complexes has allowed some initial conclusions to be drawn regarding
ligand structure and performance. Specifically, smaller dyes with two or three carboxylic
anchoring groups and CANAN cyclometalating ligands performed well. The following

sections outline the optimisation of Ru3 which contains a ligand of synthetic interest.

6.4 Optimisation

Ru3 contains a pyrenol5,4-b|pyridine cyclometalating ligand which is novel in dye-sensitised
solar cells so the success of this new ligand system was investigated further. Further
spectroscopic analysis and optimisation of dye-sensitised solar cells was performed. The
HOMO energy of Ru3 was calculated to be 1.5 eV above the valence band minimum of
titanium dioxide from density functional theory (Appendix Table A.9). This positions
the HOMO level of Ru3 lower than the valence band edge of nickel oxide which is ca. 1.7
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eV lower than the valence band edge of titanium dioxide.”™ As there is a driving force

for charge-injection, AGiy;, from nickel oxide to Ru3, p-type nickel oxide dye-sensitised

solar cells were also fabricated.

6.4.1 Steady state absorption

The absorption profile of Ru3 in acetonitrile solution is shown in Figure 6.13. The ab-
sorption profile extends over a broad region of the visible spectrum between 350 nm and
700 nm. The bands between 350 nm and 450 nm are attributed to ligand-centered m-7*
transitions, and the bands at longer wavelength are attributed to metal-to-ligand charge
transfer transitions. The molar absorption coefficient at 427 nm is 8851 dm? mol™! cm™.
This is lower than some of the organic dyes shown in previous chapters of this thesis, for

example BOD1-5 and the CAD dyes, but is similar to other ruthenium dyes (N719 ca. 10

000 dm?® mol! em™)® and ruthenium dyes with cyclometalating ligands.3%:39
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Figure 6.13: Absorption spectrum of Ru3 in acetonitrile solution.
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For absorption experiments of Ru3-sensitised films, nickel oxide films consisting of a ca.
1 pm thick layer of nickel oxide were immersed in a 0.3 mM solution of Ru3 in 1:1
acetonitrile: tert-butanol for at least 18 hours, which is the same procedure used to sensitise
titanium dioxide films. The films were prepared by applying subsequent layers of nickel
chloride solution, as described in the Experimental Section 3.2. Between layers the films
were heated to 450 °C in a muffle furnace for 30 minutes. Titanium dioxide and nickel
oxide films were immersed in separate dye baths and 10 mM chenodeoxycholic acid was
added to each bath, as it has been reported to prevent aggregation of the dye at the
surface during absorption.” " The visible absorption spectra of Ru3-sensitised titanium
dioxide and nickel oxide films are shown in Figure 6.14 and the absorption maxima are
given in Table 6.4. The absorption spectra of at least two films from each bath was taken

and a representative spectrum is shown.

¢ (dm? mol! ecm™) Amax (nm)
MeCN TiO2 Cheno|TiO; NiO Cheno|NiO
Ru3 8851 (428), 5920 (528) 530 527 525 529

Table 6.4: Absorption maxima of Ru3 in acetonitrile solution and when adsorbed onto titanium dioxide

and nickel oxide films. The molar absorption coefficient was recorded in acetonitrile solution.
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Figure 6.14: Absorption profile of Ru3 adsorbed onto nickel oxide and titanium dioxide films, in the

presence and absence of 10 mM chenodeoxycholic acid in the dye bath during sensitisation.”®
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The absorption maximum of Ru3 on titanium dioxide is slightly red-shifted by ca. 5 nm
relative to on nickel oxide, and is not largely affected by the presence of chenodeoxycholic
acid in the dye bath, apart from a slight blue-shift on titanium dioxide and a slight red-
shift on nickel oxide. The film absorbance on nickel oxide is much lower relative to the
dye on titanium dioxide, which indicates lower dye loading on nickel oxide, although the

absorbance of the dye is slightly increased with chenodeoxycholic acid.

6.4.2 Dye-sensitised solar cells

Dye-sensitised solar cells were fabricated from nickel oxide and titanium dioxide films sen-
sitised with Ru3. Titanium dioxide dye-sensitised solar cells assembled with N719 were
also prepared for reference. For n-type cells, the films were prepared as in Section 6.3.2
with a compact titanium dioxide layer, two transparent layers, an opaque scattering layer
and a final compact layer. Two electrolytes, A and B were used and contained the same
components and concentrations as described in the previous section. The photovoltaic
parameters of Ru3 and N719 titanium dioxide solar cells prepared with and without chen-
odeoxycholic acid are shown in Table 6.5. The results of p-type dye-sensitised solar cells
made with Ru3-sensitised nickel oxide are also detailed. Ru3 p-type dye-sensitised solar
cells achieved a reasonable photovoltage of 77 mV with electrolyte A when chenodeoxy-
cholic acid was present in the dye bath, but the photocurrent generated was too low to

determine an [PCE.

The results for n-type dye-sensitised solar cells were much more encouraging. The power
conversion efficiency of N719 dye-sensitised solar cells is increased by ca. 0.5 % when chen-
odeoxycholic acid is present during the sensitisation process. This trend is also observed
for Ru3 with both electrolytes, and with electrolyte B the photocurrent is doubled when
chenodeoxycholic acid is present. For both Ru3 and N719 n-type cells, the photocurrent
decreases when electrolyte B is used relative to electrolyte A, but the photovoltage is
higher. This is likely due to the presence of guanidinium ions which create a compact

layer at the surface, increasing the photovoltage.®?™
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Dye|semiconductor  Electrolyte Voc (mV) Jsc (mA em™?) FF (%) n (%) IPCE (%)

N719|TiO4 A 405 9.52 67 2.59 68
N719/cheno|TiOx A 395 12.78 58 2.93 75
N719|TiO2 B 780 9.44 63 4.64 60
N719/cheno|TiO4 B 806 9.91 65 5.22 78
Ru3|TiO, A 314 9.67 48 1.47 56
Ru3/cheno|TiO, A 301 7.67 53 1.23 38
Ru3|TiO, B 583 1.45 68 0.58 9
Ru3/cheno|TiO4 B 644 3.3 71 1.52 24
Ru3|NiO A 16 0.3 22 0.001 -
Ru3/cheno|NiO A 7 0.24 36 0.007 -

Table 6.5: Photovoltaic properties of p-type and n-type dye-sensitised solar cells. Electrolyte A: 0.1 M I,
1 M Lil, MeCN. Electrolyte B: 0.6 M tetrabutylammonium iodide, 0.0 15 M I3, 0.5 M tert-butylpyridine
and 0.1 M guanidine thiocyanate in acetonitrile. Cheno = chenodeoxycholic acid. Vo¢ = open-circuit

voltage. Jso = short-circuit photocurrent. FF = fill factor. 7 = power conversion efficiency.

With electrolyte A Ru3 achieves high photocurrent densities, ca. 8 mA cm™, but the
most efficient cell was fabricated with electrolyte B and achieved a power conversion
efficiency of 1.52 % (IPCE = 24 %). The current-voltage characteristics of the most
efficient Ru3 and N719 dye-sensitised solar cells are shown in 6.15, which for both dyes
was for cells assembled with electrolyte B and with chenodeoxycholic acid in the dye
bath. The absorption profiles of Ru3 and N719 adsorbed onto titanium dioxide films are
also shown together with the IPCE spectra. Both dyes have similar absorption spectra on
titanium dioxide and have high dye-loading on the film, but the IPCE of N719 is four times
that of Ru3. The difference in performance is likely due to inefficient charge-injection for
Ru3, as density functional theory calculations revealed that the LUMO energy of Ru3 is
ca. 1.0 V below that of the conduction band of titanium dioxide (Appendix Table A.9).
In general Ru3 performs well in a titanium dioxide dye-sensitised solar cell, which is a

promising result for this new ligand structure.
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Figure 6.15: Photovoltaic properties of titanium dioxide dye-sensitied solar cells assembled with N719
and Ru3. The films were sensitised with 10 mM chenodeoxycholic acid in the dye bath and solar cells were
fabricated with electrolyte B. a) Current-voltage curves under AM 1.5 1 sun illumination; b) current-
voltage curves in the dark; ¢) film absorbance; d) IPCE plots of cells which gave the current-voltage

curves shown in a).

6.5 Conclusions

This chapter presented a series of ruthenium dyes which contain CANAN or CANAO
cyclometalating ligands with slightly different ligand structures. Their performances in
n-type dye-sensitised solar cells were screened and compared, allowing some initial con-
clusions to be drawn regarding structure and performance. Density functional theory
calculations of a selection of the dyes adsorbed on titanium dioxide suggested that charge-
injection would be inefficient as the LUMO energy level lies below the conduction band of
titanium dioxide. Despite this, reasonable photocurrents were generated by some of the

dyes in this series.
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Dyes which were comparable by their increasing extent of conjugation on the cyclomet-
alating ligand showed that the more extended pyreno|5,4-b|pyridine ligand gave lower
performances than those containing a dibenzolf,h|quinoline ligand. This was attributed
to higher dark current for the more extended systems, which is likely related to the stack-
ing of the 7 system at the surface. It is also concluded that two carboxylic acid anchoring
groups give an optimum performance. The highest performance was achieved by Ru9
which contains an alkoxy chain on the cyclometalating ligand. This feature may hinder

aggregation and charge-recombination between the electrolyte and titanium dioxide.

Ru3 contains a pyreno[5,4-b|pyridine group on the cyclometalating ligand which is of
synthetic interest and this dye was further optimised. When the fabrication and testing
of dye-sensitised solar cells containing Ru3 were repeated, and films were sensitised in the
presence of chenodeoxycholic acid, photocurrents of ca. 8 mA cm™? were achieved. The
dye achieved a reasonable power conversion efficiency but was lower than that of N719,
and this difference was attributed to an insufficient driving force for injection. These

initial results indicate the potential success of this new ligand.
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Chapter 7

Design and Synthesis of a Benchmark

Dye for p-Type Materials

7.1 Aims

This chapter presents the synthesis and photophysical properties of a small organic dye
which has been designed as a reference for screening new p-type materials. The structure
and properties of the dye are influenced by results from previous chapters of this thesis,
incorporating strong absorption in the visible region, a suitable anchoring group to adsorb

to nickel oxide and spectroscopic handles in the infrared region for analysis.

7.2 Introduction

Contributions for Chapter 7: All synthesis and experiments were performed by the au-
thor except for density functional theory calculations which were carried out by Gareth

Summers.

Despite the progress that has been made towards improving the efficiency of p-type nickel
oxide dye-sensitised solar cells, with the highest power conversion efficiency recorded at
2.51 %,! the performances of these systems are still considerably lower than that of n-
type titanium dioxide systems which have reached 14 % efficiency.? Some of the biggest
challenges that are limiting the progress of nickel oxide dye-sensitised systems are the

properties of the material itself. For example, nickel oxide has poor conductivity and slow
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hole diffusion which results in fast recombination of the charge-separated state, as the
holes generated in nickel oxide recombine with the dye or species in the electrolyte rather
than being collected at the contact.>® Also, nickel atoms in the film are responsible for
an electrochromic effect which results in competition for light between the films and the
sensitiser.® Whilst many groups have tried to overcome these limitations by changing the
dye and the redox couple,” 'V there is substantial research into alternative p-type materials
to replace nickel oxide. Examples of other p-type transparent conducting oxides tested for
the application of dye-sensitised solar cells include copper (IT) oxide (CuQO),*13 delafossite

compounds (CuMO,, M = Ga, Al, Cr, Fe, B),2? and copper (I) thiocyanate (CuSCN).?

Similar to nickel oxide, there are a variety of dyes which have been used to sensitise al-
ternative p-type materials, and their structures and properties are shown in Figure 7.1
and Table 7.1. Amongst the numerous dye-sensitised p-type systems, there are a few dyes
which are more commonly used and can be thought of as reference dyes. For example,
Coumarin 343 has been used to sensitise nickel oxide, copper chromium oxide (CuCrO,)
and copper iron oxide (CuFeO,). The small dye has well-understood mechanisms of pho-
toinduced charge transfer on nickel oxide,?* 26 however, it gives low photovoltaic perfor-
mance (n = 0.02-0.05 %).>?"2® This is attributed to fast dye’ |NiO" charge-recombination
and low absorption in the visible region. When Coumarin 343 was used to sensitise copper
iron oxide, a high photovoltage was achieved (365 mV) but a low overall efficiency (0.01
%). Other small dyes which have been used to test the performance of alternative p-type
materials include Fast Green (n = 0.011 % on copper oxide), phthalocyanines (n = 0.07-

0.19 % on copper oxide) and Crystal Violet (IPCE = 25 % on copper thiocyanate).!*13:23

A commonly used benchmark dye is P1, discussed in Chapter 4, which generally gives

1029731 and has also been used to sensitise

high photocurrent densities on nickel oxide,
new p-type transparent conducting oxides, for example copper oxide and copper gallium
oxide.!'15 However, the performance of P1 is not consistent (Js¢ = ca. 1.5 to 5.5 mA
cm™ on nickel oxide with an iodide/triiodide redox couple). Also, the synthesis of P1 is

challenging with multiple steps involving coupling reactions, and the absorption spectrum

is broad which makes interpretation of the transient absorption spectra difficult.
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Figure 7.1: Structures of dyes used to sensitise p-type materials for dye-sensitised solar cells.
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Dye Material ~ Electrolyte Jsc (mA em™?) Voc (mV) 7 (%) IPCE (%) Ref
NiO I /15 0.55 98 0.016 [27]
NiO /15 0.86 101 0.031 3]
Conmarin 343 NiO /T3 1.89 71 0.05 [28]
NiO I /15 0.58 90 0.016 [20]
CuCrO, I /15 0.44 82 0.014 [20]
CuFeO, /15 0.07 365 0.010 [19]
NiO I /15 1.52 110 0.05 18 [32]
NiO I/15 2.51 110 0.08 35 [33]
NiO /15 5.48 84 0.15 64 [28]
NiO I /15 2.31 132 0.101 23 [34]
NiO /Ty 2.88 140 0.075 36 [31]
o NiO /15 4.67 93 0.143 30 [35]
NiO Co?t/3+ 1.65 441 0.4 35 [36]
CuO I /15 0.77 88 0.03 4 [11]
CuGaO, I /15 0.384 180 0.026 [15]
CuGaO,  Co?t/3+ 0.165 357 0.018 [15]
YF1 CuO Co?t/3+ 0.72 316 0.97 5 [11]
Crystal Violet ~CuSCN 25 (23]
ZnPcl CuO /15 1.93 93 0.067 15
CuO Co?*/3+ 1.99 224 0.141 15
ZnPc2 CuO I /15 2.78 102 0.103 27 13
CuO Co? /3 2.35 251 0.191 21
Fast Green CuO I/ 0.3 115 0.011 3 [12]
NiO /15 1.38 155 0.09 25 [37]
DPP-NDI NiO Co?+/3+ 1.62 365 0.18 20 [37]
CuO Co?t/3+ 0.2 332 0.029 2 [11]
NiO I'/15 1.64 130 0.074
NiO Co?+/3+ 1.2 285 0.141
PMI-NDI [16]
CuGaOg I /15 0.29 41 0.023
CuGaOy  Co?t/3F 0.12 375 0.0149
NiO I /15 5.4 226 0.45 60
NiO Co?t/3+ 3.72 640 1 40
PMI-6T-TPA [18]
CuCrO, I /15 1.98 268 0.23 15
CuCrO,  Co?t/3+ 1.23 734 0.48 5

Table 7.1: Properties of benchmark dyes used to sensitise different p-type materials for dye-sensitised

solar cells.
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High photocurrents have been generated for p-type dye-sensitised systems with larger,

16,18,22

more elaborate structures. Perylenemonoimide (PMI) dyes and other push-pull or-

ganic dyes!®17:38

give high efficiencies on nickel oxide, and promising performances on new
p-type materials. For example PMI-6T-TPA shown in Figure 7.1 gives a power conver-
sion efficiency of n = 0.48 % on copper chromium oxide.'® However, these compounds are
synthetically demanding and are only used by a few research groups. In general there is

a need for a synthetically simple benchmark dye which is suitable for testing new p-type

materials with a variety of redox couples.

In this chapter the synthesis and properties of a new benchmark dye are proposed. The dye
FAB4, whose structure is shown in Figure 7.2 combines simple synthesis with favourable
spectroscopic properties and push-pull character to promote charge transfer away from

the surface of a p-type material.

OH
O

Figure 7.2: Structure of proposed benchmark dye FABA4.

FAB4 consists of a boron dipyrromethene core, which is unsubstituted at the o and
positions, similar to BOD3 and BOD5 which were discussed in Section 4.3 of Chapter
4. A phenyl group with a nitrile substituent is used as an acceptor group at the meso
position. Different to BOD1-5, the carboxylic acid anchoring group is attached at the
bodipy core via a catechol, rather than appended through the meso position. Bodipy
sensitisers with unsubstituted o and 3 positions are less common for dye-sensitised solar

cells, and there are only a few examples for this application which contain groups other
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than fluorine atoms coordinated at the boron.3*% To our knowledge FAB4 is the first
example of a bodipy molecule for dye-sensitised solar cells which positions the anchor
group at the boron atom. The following sections outline the logic behind the design,

synthesis and resulting properties of FAB4.

7.2.1 Synthesis

Benchmark dyes need to be made in large quantities with high purity. Most dyes used
are based on extended structures for example P1, BOD3, BOD5 and CAD3 which were
described in Chapter 4. Synthetic routes to these compounds often involve multiple steps
containing coupling reactions which are generally low-yielding and give products with
impurities which are difficult to remove.??374142 However, the simple BOD1 was produced
using a ‘one-pot’ method and gave surprisingly high performance when used as a sensitiser
for nickel oxide dye-sensitised solar cells. The signal of the reduced BOD1™ was weak in the
transient absorption spectra, and the structure does not include any spectroscopic markers
in the infrared region. We therefore chose a simple bodipy compound as the base for our
benchmark dye, and included infrared handles in the structure and donor and acceptor
groups to improve the solar cell performance. Boron dipyrromethene compounds can be
synthesised in one or two steps and there are many reports of easy modifications at all
positions of the core, including substituting the fluorine atoms.*>** Another advantage
of small dyes like BOD1 is that they potentially give higher dye-loading on the surface,
which improves the photocurrent generated by increasing light absorption and increases
the photovoltage by protecting the surface. We observed an increase in the dye-loading

for the small, linear dye CAD4 in Section 4.4 relative to the larger dye CAD3.%5

Most of the bodipy dyes which have been discussed in this thesis, including BOD1, BOD2
and BOD4 from Section 4.3 and BOD; and BOD, from Chapter 5 all contain a 2,8-diethyl-
1,3,7,9-tetramethyl bodipy core. The substituents around the 3-ethyl-2,4-dimethylpyrrole
(kryptopyrrole) starting material prevent side reactions occurring during the bodipy syn-
thesis as there is only one accessible reaction site. Kryptopyrrole is also less prone to
polymerisation than pyrrole which leads to easier purification of the reaction products.*346

However, it was observed from density functional theory calculations of BOD1-5 that the

dyes which contained a 2,8-diethyl-1,3,7,9-tetramethyl bodipy core had meso substituents
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which were in a different plane to the core. For such systems there was a lower extent
of electronic coupling between the triphenylamine donor and bodipy acceptor groups and
as a result these dyes had a sharper, more blue-shifted absorption band. Similarly, for
the bodipy-polyoxometalate hybrids KWg,[BOD,| and KMeg,[BOD,|, where the bodipy
photosensitiser contained an alkynyl group at the meso position, the absorption was red-
shifted relative to KWg;[BOD;]|, where the meso substituent was a phenyl group. For our
benchmark dye, reported synthetic routes to bodipy compounds which include a nitrile
group directly at the meso position involved multiple steps,*” so a more facile synthesis
was chosen in which a benzonitrile meso substituent was incorporated during the for-
mation of the bodipy core. A bodipy core with unsubstituted @ and [ positions was
chosen to promote electronic coupling between the bodipy core and the substituent at the
meso position. The synthetic route to FAB4 consisted of three steps using commercially

available starting materials, and is shown in Figure 7.3.

N
Il
o ! S 2
H 1. Trifluoroacetic acid, ) ’ r
N 20 min 3. BF;.OEt, 1 hr
| + g
O neat ~ _ CH,Cl,
N\ NH HN 7/
Il N
Il FAB2
68 % \
N
It
Y 1. AICl3, 15 min
_N. N 2.20 min
.B. 0
o o
HO
OH
HO 2
i /N\ /N /
OH B!
o CHyCl, FFF
FAB3
FAB4
22 %
39 %

Figure 7.3: Synthetic route to FAB4, including experimental yields of each reaction step.
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The coordination group (catechol) at the boron atom is likely to be the least stable part
of the molecule, so this group was added in the last step of the synthesis. Zhang et al.
reported a one-step synthesis of the bodipy FAB3,*® however, when this synthesis method
was repeated by the author, the product was difficult to purify due to a large amount
of compounds in the reaction mixture. Here, a stepwise approach was used to firstly
form the dipyrromethane FAB2, which was then oxidised and used to form the bodipy
FAB3. The fluorine atoms were then substituted with 3,4-dihydroxybenzoic acid to form
the novel compound FAB4, following a modified literature procedure.*® Details of the
synthesis are given in the Experimental chapter, Section 3.3. Briefly, FAB2 was formed
in the reaction between pyrrole and 4-cyanobenzaldehye with an excess of trifluoroacetic
acid at room temperature in 20 minutes. The dipyrromethane was isolated in 68 % yield,
and the reaction was successful on a relatively large scale (ca. 1 g). The product was
characterised by 'H NMR and 3C NMR spectroscopy, and the spectra are given in the
Appendix, Figures A.6 and A.7. Small amounts of pyrrole (ca. 9 % from 'H NMR) are
present in the product, however no further purification methods were used at this stage

due to the instability of the dipyrromethane in solution.

In the second step FAB2 was oxidised using tetrachloro-1,4-benzoquinone (chloranil) and
coordinated using boron trifluoride diethyletherate to form the bodipy FAB3 in 22 %
yield. This was the lowest-yielding step of the synthesis but the product is of high purity
and easily forms crystals when the filtrate is concentrated. The 'H shifts are in good
agreement with those reported for this molecule in ref [48] and the full '"H NMR spectrum
is given in the Appendix in Figure A.8. The crystal structure of FAB3 is shown in Figure
7.4. The phenyl group is slightly out of plane from the bodipy core, but this effect
is reduced relative to density functional theory calculations of BOD1, BOD2 and BOD4,
where the bodipy core was generally perpendicular to the meso substituent.?® This should

allow good electronic communication between the bodipy core and the benzonitrile group.
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Figure 7.4: Crystal structure of FAB3. Boron, fluorine, nitrogen and carbon atoms are labelled.

FAB4 was synthesised from FAB3 using 3,4-dihydroxybenzoic acid in presence of an excess
of aluminium chloride. The substitution of fluorine atoms at the boron of a bodipy by
a catechol has been reported previously and a general procedure was used here.*?! The
product was formed in 39 % yield, though the 'H and *C NMR spectra, which are
given in the Appendix (Figures A.11 and A.12), show that the product contains catechol
impurities. The aromatic region of the 'H NMR spectrum is expanded in Figure 7.5
and the colours of labelled protons relate to the correlation spectrum (COSY) in Figure
7.6. Further purification of the product was attempted but the catechol impurity was
difficult to remove. It is assumed that the catechol impurities may bind to the surface of
nickel oxide without contributing to light absorption, and may therefore decrease the dye
loading. However, as the catechol only absorbs in the ultraviolet region, it is unlikely to
compete for light absorption with FAB4. Nonetheless it would be beneficial to investigate

a suitable way of purifying FAB4 to avoid unwanted effects from the catechol impurity.
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Figure 7.5: Expansion of the aromatic region of the 'H NMR of FAB4.

In general, the synthesis of the new bodipy compound FAB4 was successful, with the
product formed in an overall yield of 6 %. The formation of the bodipy FAB3 was the
lowest-yielding step of the synthesis and future work should optimise this reaction. The
synthesis contains only three steps and does not required any coupling reactions or high
temperatures. Variations of FAB4 could be easily produced by using a phenyl-aldehyde
with different substituents to incorporate at the meso position. Also, catechol compounds
with various functional groups are commercially available so the anchoring unit could also
be tuned. The photophysical properties and initial photovoltaic performance of FAB4 will

be described in the following sections.

222



Chapter 7

68

r7.0

|

r7.1

r7.2

r7.4

f1 (ppm)

r7.6

r7.7

r7.8

9@

=
— t7.9
F8.0
o ©
7 Fs.1

T T T T T T
7.2 7.1 7.0 6.9 6.8 6.7

T T T T T T
8.1 8.0 7.9 7.8 7.7 7.6 7.4 7.3
2 (ppm)

Figure 7.6: COSY spectrum of FAB4. Coloured boxes relate to coupling protons which are labelled in
Figure 7.5.

7.2.2 Steady state electronic absorption

The absorption spectrum of FAB4 was recorded in dichloromethane solution together
with that of FAB3 to determine the effect of the catechol group on the electronic struc-
ture. The absorption and emission spectra are shown in Figure 7.7 and the photophysical
properties are detailed in Table 7.2. The shape of the absorption spectra of FAB3 and
FAB4 are similar, consisting of a sharp peak with a shoulder at higher energies, which is
characteristic of a bodipy So-S; absorption. A broad absorption between 300 nm and 400
nm is weaker than the main absorption band which absorbs between 450 nm and 550 nm.
The absorption maximum of FAB4 is red-shifted by ca. 7 nm relative to FAB3, due to a

small contribution from the catechol group to the 7 system.
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Figure 7.7: Normalised absorption (solid lines) and emission (dashed lines) of FAB3 and FAB4 in

dichloromethane solution. Excitation wavelength of emission spectra = 480 nm.

Amax (Mm)  Aey (nm) & (dm® mol™* cm™)  Eq g (eV) Ppp,
FAB3 507 536 42 196 2.38 0.0054
FAB4 514 538 45 204 2.36 0.011

Table 7.2: Photophysical properties of FAB3 and FAB4. The wavelengths of maximum absorption (Apax)
and emission (Aep, ), the absorption coefficient (¢) and fluorescence quantum yield (¢r,) were all determined
in dichloromethane solution. Eg_g is calculated from the wavelength of intersection between absorption

and emission spectra (Aing): Eo.o = 1240/ Ajnt-

The unsubstituted bodipy core of FAB4 was designed to maximise the contribution of
the meso susbstituent to the 7 system of the bodipy, however the absorption maxima of
FAB4 in dichloromethane is blue-shifted by ca. 14 nm relative to that of BOD1 which
contains a 2,8-diethyl-1,3,7,9-tetramethyl bodipy core. This difference is attributed to
the contribution of the electron-donating methyl and ethyl groups to the 7 system of
BOD1. Red-shifting the absorption profile is an important factor for p-type dyes de-
signed for tandem dye-sensitised solar cell applications where competition for higher-
energy photons which are generally absorbed at the photonanode should be minimised.
Red-absorbing p-type dyes are generally large structures, for example diketopyrrolopy-
rrole or the perylenemonoimide-oligothiophene-triphenylamine compound PMI-6T-TPA
shown in Figure 7.1,%1%? though our group has reported smaller dyes with red-shifted ab-
sorption profiles that generate high photocurrent densities on nickel oxide such as CAD3

and CAD4 which were discussed in Section 4.4.45°2 The absorption maximum of FAB4
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in dichloromethane is red-shifted relative to that of benchmark dyes Coumarin 343 and
P1, and synthesis is considerably less complex than the red-absorbing dyes mentioned
above. The molar absorption coefficient of FAB4 is similar to that of BOD1 (¢ BOD1 =
52 000 dm?® mol?! cm™). The HOMO-LUMO energies of FAB4 could be further tuned by

functionalisation at the a and [ positions of the core.

FAB4 is significantly less emissive in acetonitrile and the molar absorption coefficients of
FAB3 and FAB4 is reduced relative to in dichloromethane, shown in Figure 7.8. This
suggests that the charge-transfer excited state is stabilised in the more polar solvent,

which is consistent with the slight blue-shift observed in acetonitrile.
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Figure 7.8: Absorption spectra of FAB3 and FAB4 in acetonitrile solution.

In the previously-reported transient absorption spectra of BOD2, a sharp signal corre-
sponding to a bodipy-centered triplet excited state was observed,”® and in Chapter 5 a
distinctive signal was observed for an oxidised BOD™ in the bodipy-polyoxometalate hy-
brid molecules. The sharp absorption of FAB4 should therefore be a suitable spectroscopic

marker in the visible region.

7.2.3 Steady state vibrational absorption

The majority of the structures that have been investigated in this thesis are aromatic

systems and contain many vibrational bands in the fingerprint region.
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However we were able to characterise the vibrational spectrum of a bodipy-localised triplet
excited state using time-resolved infrared spectroscopy in Section 4.5, and this was also
observed for bodipy-polyoxometalate hybrid molecules in Chapter 5. The time-resolved
infrared spectra of P1 contained a transient signal corresponding to the v(CN) of the
malononitrile acceptor groups, but multiple bands were present in this region due to
different conformers. For our benchmark dye FAB4 we have incorporated a nitrile acceptor
group as a spectroscopic handle in the infrared region, in a simple structure which should
produce less complex spectra. The ground state infrared spectra of FAB3 and FAB4 are

shown in Figure 7.9 and frequencies of major bands are listed in Table 7.3.

The ground state infrared spectra of FAB3 and FAB4 contain similar bands in the fin-
gerprint region. Two bands at 1566 cm™ to 1540 cm™ and 1413 cm™ to 1388 cm™ are
similar to those observed in the infrared spectra of P1, BOD2, KWg|BOD, |, KWVs,[BOD,]
and KM°g, [BOD,| which were attributed to the v(C=C) of phenyl vibrations. For FAB3
and FAB4 these bands are due to v(C=C) on the benzonitrile substituent at the meso
position of the bodipy. For both dyes a band in the nitrile region is present, at 2233 cm™
for FAB3 and 2231 cm™ for FAB4. The v(CN) band is similar in shape to that observed
in the ground state infrared spectrum of P1 at a similar frequency. The infrared spectrum
of FAB4 contains a sharp vibration at 1673 cm™ which is attributed to the v(C=0) of
the carbonyl group on the catechol acceptor. In general, FAB4 contains infrared markers
on the anchor (v(C=0)), the bodipy core (¥(C=C)) and the acceptor (v(CN)) which can

be monitored using time-resolved infrared spectroscopy.

Wavenumber, cm™

FAB3 2233, 1566, 1540, 1413, 1388
FAB4 2231, 1673, 1568, 1541, 1413, 1386

Table 7.3: Major bands in the ground state infrared spectra of FAB3 and FAB4, relating to the spectra

shown in Figure 7.9.
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Figure 7.9: Ground state infrared spectra of FAB3 (top) and FAB4 (bottom). Coloured boxes highlight
bands relating to nitrile (purple), carbonyl (green) and phenyl (blue) vibrations. Infrared spectra were

taken of powders crushed and pressed into potassium bromide disks.

7.2.4 Donor-acceptor character

Reducing the rate of dye |p-SC*' charge-recombination and increasing the lifetime of the
charge-separated state can be achieved by using dyes with long bridges between donor and
acceptor groups, giving charge-separated state lifetimes up to hundreds of microseconds
on nickel oxide.?® The longest-lived dye’ |NiO" system in the work presented in this thesis
53,55

is for the push-pull dye BOD2 which was discussed in Section 4.5, 7 = ca. 180 ns.
For efficient donor-acceptor character in push-pull dyes such as BOD2, the LUMO of the
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dye should be localised at the acceptor group and the HOMO should be localised at the
donor. However, it has been reported for bodipy systems that the HOMO level of the
bodipy core is localised on the bodipy pyrroles, and the LUMO is localised at the meso

56-61

position, which is towards the donor group in the case of BOD1-5.

For our benchmark dye FAB4, the anchor group is situated at the bodipy core and the ni-
trile acceptor group is positioned at the meso position, which was anticipated to efficiently
direct charge away from the surface when FAB4 is anchored to a p-type semiconductor.
When a catechol group is coordinated to the boron atom this does not greatly affect the
position of the HOMO and LUMO orbitals on the bodipy core, as shown in a study by
Richards et al.2 The HOMO-LUMO orbitals of FAB4 were calculated by Gareth Sum-
mers using density functional theory, together with BOD1 for comparison, and are shown
in Figure 7.10. For BOD1 the HOMO level is localised on the bodipy pyrroles, which is
consistent with the studies mentioned above. For FAB4 the HOMO is localised at the

catechol anchor unit and the LUMO is at the nitrile acceptor group.
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2 Lumo 2 -
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Figure 7.10: Calculated energy level diagrams of BOD1 and FAB4 using B3LYP/6-31G(d).

Figure 7.11 shows the HOMO-1 and HOMO-2 levels calculated by time-dependent density
functional theory. The HOMO-2 level is localised on the catechol, but the HOMO-1 level
is localised on the bodipy pyrroles, similar to BOD1. This suggests that the charge in
FAB4 should be successfully directed from the bodipy core towards the nitrile acceptor

group upon excitation. A summary of the main electronic transitions is given in the

Appendix in Table A.10. The calculated Eq of FAB4 is 2.89 eV (430 nm) which is lower
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than that recorded experimentally in solution (2.41 eV, 514 nm).

LUMO (-3.14 eV)

HOMO (-5.72 eV)

HOMO-1 (-6.15 eV)

HOMO-2 (-6.63 eV)

Figure 7.11: Calculated energy levels FAB4 using B3LYP/6-31G(d). Performed by Gareth Summers.

7.2.5 Electrochemistry

The electrochemical properties of FAB4 were measured in dichloromethane to determine
the driving forces for charge-injection and dye-regeneration, AG;,; and AG,e, respectively.
A three electrode setup was used with a glassy carbon working electrode, a platinum
wire counter electrode and a silver /silver™ reference electrode which consisted of a silver
wire immersed in a solution of supporting electrolyte containing silver nitrate, which was
separated from the sample in solution by a Vycor glass frit. The supporting electrolyte was
0.2 M tetrabutylammonium hexafluorophosphate. To calibrate the electrodes ferrocene
was added to the solution and the potential of ferrocene/ferrocinium was determined
using cyclic voltammetry. Cyclic voltammograms and differential pulse voltammograms

of FAB4 are shown in Figure 7.12.

The first reduction of FAB4 is a quasi-reversible process, AE, = 0.08 V, and occurs at
-1.03 V vs ferrocene/ferrocenium. The electrochemical data is tabulated in Table 7.4
along with that of BOD1 for comparison. The values of AG;,; and AG,es for BOD1 were

calculated by methods discussed in Section 4.3.
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Figure 7.12: Cyclic voltammograms of 1 mM FAB4 dichloromethane, with 0.2 M TBAPFgs. A glassy
carbon working electrode, platinum wire counter electrode and Ag/Ag™ reference electrode were used.

a) Reduction; b) oxidation.
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Figure 7.13: Differential pulse voltammograms showing the electrochemical reduction and oxidation of 1
mM FAB4 in dichloromethane, with 0.2 M TBAPFg. A glassy carbon working electrode, platinum wire

counter electrode and Ag/Ag™ reference electrode were used.

The first reduction and first oxidation processes of FAB4 occur at a more positive potential
than BOD1 by ca 0.5 V. As a result, AGyy; is very large for FAB4 and AG,g is smaller than
BOD1 for regeneration with an iodide/triiodide redox couple. These results show that
there is sufficient driving force for charge-injection by nickel oxide and dye-regeneration

by an iodide/triiodide redox couple for FAB4.
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D*/D D/D° D*/D° AGi; AGres

(V vs fe/fch) (eV) (eV)

FAB4 1.02 - 1.03 1.33 -1.45 -0.21
BOD1*  0.64 -1.63 0.68 -0.80 -0.81

Table 7.4: Electrochemical properties of FAB4 and BOD1 in dichloromethane solution. *Values taken
from ref [50]. D" /D and D/D" were determined from differential pulse voltammograms. D*/D~ = (D/D")
+ Eg.o. AGiy; = E(NiOyp) - D*/D7; AGyeg — D/D- - E(Is7/Iy~), where E(NiOyg) = -0.12 V vs fe/fc
and E(I37/Iy) = -0.82 V vs fc/fct.

7.3 Spectroelectrochemistry

Spectroelectrochemical analysis of FAB4 was performed in both visible and infrared re-
gions, to determine the spectra of the oxidised and reduced forms of the dye. A solution
of FAB4 with tetrabutylammonium perchlorate supporting electrolyte was added to an
OTTLE cell positioned in the path of spectrometer, using methods described in the Ex-
perimental Section 3.5. The cell was connected to a potentiostat and the difference spectra
were recorded as an oxidising or reducing potential was held. The spectra of FAB4™ and

FAB4" in dichloromethane in the visible region are shown in Figure 7.14.

a) FAB4' b) FAB4*

0.1
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Wavelength (nm) Wavelength (nm)

Figure 7.14: Absorbance difference spectra in the visible region of 1 mM FAB4 in dichloromethane with
0.1 M TBACIOy, as a reducing or oxidising potential was applied electrochemically. a) -1.1 V vs Ag/Ag™;
b) 1.2 V vs Ag/Agt.
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The spectrum of FAB4™ contains sharper peaks than FAB4™", and in general the spectra
resemble that of BOD5 and BOD5" which can be found in ref [50]. Compared to spec-
troelectrochemical analysis of BOD; and BOD,, Figure 5.13, the spectra of FAB4 are

broader.

For spectroelectrochemical analysis in the infrared region, deuterated chloroform was
used as this gave the fewest bands in the measured region (2500 cm™ to 1000 cm™).
The experimental setup was the same as for spectroelectrochemistry in the visible region,
except the OTTLE cell was placed in the path of an infrared spectrometer and a higher
concentration of FAB4 was used to increase the signal size. The infrared bands for FAB4 ™
are weaker than FAB4". When FAB4 is electrochemically reduced, a band at 2200 cm™
grows and is attributed to the v(CN) of the acceptor group. A sharp negative band at
1600 cm™! also grows and resembles the ground state infrared spectrum of the v(C=0) of
the anchoring group. Upon oxidation of FAB4, the negative signal of the carbonyl group
is not present, but a broad vibration at 1800 cm™ to 1700 ! grows. The band at 2200
cm! is also absent and instead a band at 2000 cm™ grows. These results show that FAB4
has distinctive spectra in both the reduced and oxidised form in the visible and infrared
regions, which makes it suitable for time-resolved spectroscopy and spectroscopic analysis

when adsorbed on a semiconductor film.

0.1] 3 FAB4to FAB4 b) FAB4 to FAB4"
0.05

-0.05 A

T T T T T T T T T T T T
2400 2200 2000 1800 1600 1400 2400 2200 2000 1800 1600 1400
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Figure 7.15: Absorbance difference spectra in the infrared region of 5 mM FAB4 in deuterated chloroform
with 0.1 M TBACIOy, as a reducing or oxidising potential was applied electrochemically. a) -1.1 V vs
Ag/Ag™; b) 1.2 V vs Ag/Ag™. Signals due to the solvent have been set to zero.
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7.4 Dye-sensitised solar cells

Nickel oxide dye-sensitised solar cells were fabricated with FAB4 to assess the photovoltaic
performance of our benchmark dye. Nickel oxide films on conductive FTO glass were
prepared and sensitised as described in the Experimental Section 3.2. The films were
sensitised in dye baths containing 0.3 mM FAB4 in either dichloromethane or acetonitrile
solution. Sensitised films were sandwiched to a platinised counter electrode and the
cells were filled with an iodide/triiodide redox couple consisting of 0.1 M iodine and
1.0 M lithium iodide in acetonitrile. Current-voltage curves were used to determine the
short-circuit photocurrent density (Jsc), open-circuit voltage (Voc) and overall power
conversion efficiency () of the devices. Incident photon-to-current conversion efficiency
(IPCE) plots were recorded for wavelengths between 300 nm and 700 nm to determine
the internal quantum efficiency of the device. The photovoltaic properties are detailed
in Table 7.5 and the current-voltage curves and IPCE plots are shown in Figure 7.16.
Dye-sensitised solar cells fabricated with P1 were also fabricated to check the consistency
of the fabrication testing methods, and the photovoltaic properties of BOD1 are included

in Table 7.5 for comparison.

Dye bath  Voc (mV) Jsc (mA cm™@) FF (%) n (%) IPCE (%) APCE (%)

P1 MeCN 106 3.15 35.3 0.115 43 45
FAB4 MeCN 68 0.28 33.2 0.006 8 13

CH,Cl, 98 0.42 33.2 0.014 13 19
2BOD1 MeCN 95 1.48 36.0 0.05 20 27

Table 7.5: Photovoltaic performance of FAB4, P1 and BOD1 nickel oxide dye-sensitised solar cells, with
an electrolyte containing 0.1 M I and 1.0 M Lil in acetonitrile. APCE = IPCE/LHE; LHE = 1 - 104,
2Taken from ref [50]. On average three cells were fabricated for each condition, and a representative cell

is given here.

The absorbance spectra of FAB4 and P1 adsorbed onto nickel oxide films are shown in
Figure 7.16. On nickel oxide, P1 absorbs broadly from 400 nm to 600 nm. FAB4 absorbs
more sharply between 450 nm and 550 nm, which is consistent with the absorption profiles

in solution.?® The absorbance of P1|NiO films is also higher than that of FAB4|NiO.
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Figure 7.16: Photovoltaic properties of FAB4 and P1. a) Current-voltage curves under AM 1.5 1 sun
illumination; b) current-voltage curves in the dark; c) absorbance spectra on NiO; d) incident photon-to-

current conversion spectra.

For FAB4, films which were sensitised in dichloromethane dye baths performed better
than those in acetonitrile dye baths. The best performing FAB4 cell achieved an open-
circuit voltage of 98 mV, which is typical of a nickel oxide solar cell and is similar to the
photovoltage values achieved for bodipy dyes BOD1-5 in Section 4.3 (95 mV to 109 mV).
The photocurrent density values achieved by FAB4 were low, despite a promising IPCE
value of 13 %, which is likely due to the narrow absorption of FAB4 and low absorbance
of FAB4 on nickel oxide. The photocurrent generated was surprisingly lower than BOD1.
We attribute the low performance of FAB4 to the position of the HOMO orbital in the
principle energy transition, which does not include the catechol anchor group. Therefore
the anchor is decoupled from the nickel oxide surface, which may hinder charge-injection.
However, FAB4 does generate measureable photocurrent between 450 nm and 550 nm, so

is still potentially useful as an easy-to-produce dye for testing new p-type materials.
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7.5 Conclusions

This chapter examined the desirable properties of benchmark dyes for p-type materials,
and presented the synthesis of the small push-pull dye FAB4 which is the first example
of a bodipy for dye-sensitised solar cells to include an anchoring group coordinated at
the boron atom. Preliminary photophysical, electrochemical and photovoltaic properties
of FAB4 revealed that this new dye has infrared markers on the anchor and acceptor
groups, strong absorption in the visible region and sufficient driving force for charge-
injection to nickel oxide. Density functional theory calculations of this dye showed effective
donor-acceptor character as the primary electronic transition involves the direction of
charge away from the anchoring group. However, the anchor group is not involved in this
transition. Although the photocurrent density values of FAB4-sensitised solar cells were
low in these initial studies, a promising IPCE of 13 % was achieved with an iodide/triiodide

electrolyte and dichloromethane dye bath.

The structure of the dye allows further tuning, for example the conjugation could be
extended at the o and [ positions without affecting the rotation of the benzonitrile
acceptor group at the meso position and alternative anchoring units could be coordinated
by using catechols with different functional groups in the final step of the synthesis.
Transient absorption and time-resolved infrared studies should be performed on this dye

to determine the excited state dynamics.
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Conclusions and Perspectives

This thesis has focused on determining charge transfer mechanisms for a variety of dye
structures in the excited state, for sytems in solution or adsorbed onto a nickel oxide
film. The primary aim was to investigate systems useful for the application of p-type
dye-sensitised solar cells and to gain further understanding of the charge-recombination
process. This was achieved using time-resolved spectroscopy where dyes adsorbed onto a
nickel oxide film and in some cases in the presence of a redox couple in solution, are excited
with a laser pulse and their dynamics after excitation are followed spectroscopically. Some
common themes were relevant throughout and are summarised here with key results of

this work.

Charge-recombination

Fast charge-recombination has been identified as a major limiting factor of nickel oxide
p-type dye-sensitised solar cells, though the charge-separated state lifetime does not con-
sistently correlate with performance. This work has investigated the formation and decay
of charge-separated states for a number of push-pull dyes on nickel oxide. Efficient charge-
injection and charge-separated state lifetimes on a picosecond timescale were recorded for
all BOD1, BOD3, BOD4 and BOD5, despite large differences in solar cell performance.
Charge-separated state lifetimes were slightly faster for the smaller dyes BOD1 and BOD4
(7 = ca. 5 ps) relative to the synthetically more complex systems BOD3 and BOD5 which

had a greater extent of donor-acceptor character (7 = ca. 600 ps). The charge-separated
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state lifetimes of BOD3 and BOD5 were on a similar timescale to that of P1 (ca. 200
ps) which also generates high photocurrents in a p-type dye-sensitised solar cell. The
charge-separated state lifetime of BOD2 was the longest of the dyes in this thesis (ca.
180 ns) but the dye doesn’t perform as well as BOD3, BOD5, P1 or CAD3 (7 = ca. 1.2
ns), and time-resolved spectroscopy experiments suggested that the inefficient formation
of the charge-separated state was likely to limit the performance of this dye. The small
dye CAD4 showed particularly fast charge-recombination (7 = ca. 10 ps) and did not
perform as well as CAD3 in a p-type dye-sensistised solar cells, which may be due to the

new binding moiety.

Characterisation

One key result presented in this thesis is the characterisation of the infrared spectrum of
a triplet bodipy excited state. This was observed in the time-resolved infrared spectra of
BOD2 and KM°g,[BOD2| in dichloromethane solutions as a sharp band at ca. 1523 cm™!
to 1525 ecm™. This band is distinctive from the v(C=C) of other bands in the fingerprint
region relating to the bodipy. The identification of this species provides a reference for
other systems containing bodipy groups where a triplet excited state is formed upon
excitation, and particularly where the absorption bands in the visible region are broad

and difficult to assign.

For bodipy-polyoxometalate hybrid compounds, the charge-transfer excited state was
characterised in the transient absorption spectrum resembling the broad absorption of
POM- and the sharp absorption of bodipy™. This was observed in the transient absorp-
tion spectra of KWgi|BOD|, Wgi|BODy|rga, DWVgi[BOD:|rEa and DWg[BOD:]raa. The
vibrational spectrum of the POM bodipy ™ charge-transfer excited state was also char-
acterised in the time-resolved infrared spectra as a broad band at ca. 1425 cm™. The
distinctive features of the charge-transfer excited state allow the photoinduced dynamics

of these systems to be easily followed.

Versatile bodipys

This work presented many examples of bodipy chromophores with very different proper-

ties. Bodipy photosensitisers were used as acceptor groups in push-pull dyes BOD1-BOD5
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which all had high molar absorption coefficients over a range of absorption maxima from
528 nm to 565 nm. Small structural modifications to the bodipy core resulted in red-
shifted and broadened absorption for BOD3 and BOD5 which were particularly successful
as photosensitisers for p-type dye-sensitised solar cells. Similarly, a bodipy group was used
as an acceptor in FAB4, with a more blue-shifted absorption at 514 nm. A modification to
the fluorine atoms allowed an anchor group to be appended to the bodipy at the opposite
position to the anchors in BOD1-5. The bodipy-polyoxometalate hybrids demonstrate
the use of bodipy chromophores as donating groups, and a charge-transfer excited state
with an oxidised bodipy" is observed for KWVg;[BOD;], KM°g,[BOD,|, DVg[BOD|1pa,
DWg|BOD:|rga and DWg[BODy|rma. By replacing the phenyl group at the meso posi-
tion of BOD; with an alkynyl substituent in BOD,, the absorption maximum is shifted
from 527 nm to 574 nm. In general, a variety of bodipy structures are presented in this
thesis, and the different substituents around the bodipy core allow tuning of the photo-
physical properties. In the final results chapter an easy synthesis of a bodipy was designed
to include spectroscopic handles, and anchor group and favourable energy levels, further

demonstrating the versatility and tunability of these compounds.

Experimental conditions

Commonly, the charge-separated state lifetime of dye|semiconductor systems is reported
for a dye adsorbed on a dry film, as for BOD1-5. The photoinduced dynamics are there-
fore determined under conditions which are considerably different to those inside a dye-
sensitised solar cell, where an electrolyte and counter electrode are present, and there
is an applied bias. The laser power used for time-resolved spectroscopy experiments is
also considerably higher than the 1 sun illumination of a standard solar cell test. The
differences between experimental and realistic conditions are generally limited by exper-
imental restrictions. For time-resolved spectroscopy these include the required optical
density of the sample, which for transient absorption experiments should be less than
0.3 at the excitation wavelength, whereas a film prepared for dye-sensitised cells would
typically have an absorbance of ca. 2. The thicknesses of nickel oxide films are also lower

for time-resolved spectroscopy experiments to minimise the absorbance of the film.

To ensure that the experimental conditions were as realistic as possible, time-resolved
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spectroscopy experiments of CAD3 and CAD4 were performed in the presence and absence
of an electrolyte containing iodine and lithium iodide similar to that used to fill p-type
dye-sensitised solar cells. The concentration of iodine and lithium iodide in electrolytes
used for time-resolved spectroscopy was lower than that used in dye-sensitised solar cells
to reduced the contribution from iodine to the absorption spectrum in the visible region,
but this still gives a more realistic representation of the system. In the presence of
the electrolyte the rate of charge-recombination decreased which indicated interactions
between species in the electrolyte and the dyes. This is a unique feature of the charged
acceptor group and may contribute to the high performance of CAD3 and the relatively
high photocurrent generated by the small dye CADA4.

For the application of dye-sensitised solar cells, dyes commonly have high molar absorp-
tion coefficients and broad absorption profiles which can saturate the detectors of spec-
trometers and mask other signals in transient absorption experiments. Future work in
this area could investigate techniques and methods which further bridge the gap between

experimental and real conditions.

Analysis of kinetics

As discussed above, many of the dyes in this thesis have broad absorption profiles and the
spectra of their corresponding excited state species can overlap. In this thesis global anal-
ysis was used to separate the spectra of overlapping transient species, together with time-
resolved infrared spectroscopy which was used to investigate changes in the vibrational
spectra upon excitation. Global analysis of the transient absorption spectra of BOD3|NiO
and BOD5|NiO distinguished the spectra and corresponding lifetimes associated with the
excited state, charge-transfer excited state and charge-separated state. For BOD3|NiO
the transient peak of the charge-separated state was small in amplitude and single-point
analysis suggested much faster charge-recombination. Similarly, global analysis of both
transient absorption and time-resolved infrared spectra of KM°g,[BOD,| confirmed the
presence of the charge-transfer excited state, which confirmed that the bodipy-localised

triplet excited state was formed following the decay of the charge-transfer excited state.

Previous transient absorption experiments of BOD2 reported a long-lived charge-separated

state lifetime on nickel oxide, despite a low solar cell performance relative to P1. In this
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work time-resolved infrared spectroscopy of BOD2|NiO revealed that both the charge-
transfer excited and charge-separated state were present following excitation and this
likely contributed to the lower IPCE of BOD2 relative to P1. The charge-transfer excited
state and charge-separated state on nickel oxide were determined using a global analysis
method of the time-resolved infrared spectra, as single-point analysis was less successful
due to multiple overlapping bands. For future work on conjugated organic dyes which
have many infrared vibrations, it is suggested that global analysis of time-resolved infrared

spectra is the most appropriate analysis technique.
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Appendix

Amax be ‘D/D* iD/Dr °Eo-0 p* /D
(nm)  (dm® mol! em™) (Vs fe/fet) (Vvsfe/fct) (eV) (Vs fe/fch)
BOD1 528 52 000 0.64 -1.63 2.31 0.68
BOD2 540 112 000 0.65 -1.48 2.27 0.79
BOD3 565 65 700 0.63 -1.29 2.11 0.82
BOD4 526 81 700 0.62 -1.66 2.33 0.67
BOD5 561 65 824 0.74 -1.27 2.14 0.87
Table A.1: Electrochemical and photophysical data for BOD1-5. Values determined from ref [1].

&b Absorption maxima and molar absorption coefficient values in dichloromethane solution. “The first

reduction and oxidation potentials determined from electrochemical analysis. “Determined from the point

of intersection between absorption and emission spectra. f D*/D = D/D- + Eq.o.

0.10

0.00

Extracted charge (mC cm'2)

0.05+

Photovoltage (mV)

Charge lifetime (s)

0.01

0.1

c)
) |
| |
‘.‘=
Puy
4 AA
v v
= BOD1 vy
BOD2 'v'
A BOD4
v BODS5
20 40 60 80 100

Photovoltage (mV)

Figure A.1: Charge transient measurements of p-DSCs sensitised with BOD1, BOD2, BOD4 and BOD5.
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Figure A.2: Emission spectra of BOD1, BOD2, BOD4 and BOD?5 in dichloromethane solution. Taken

and adapted from ref [1]. BOD3 was not sufficiently emissive to obtain a spectrum.
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Figure A.3: Kinetic traces from single point analysis of transient absorption spectra of BOD1 and BOD3-5

in dichloromethane solution. Aexe = 532 nm.
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D/D* D/Dr Eoo  D*/D°  AG; AGieg

(Vs fe/teh) (Vwste/tet) (eV) (Vwsfe/fe™) (eV) (eV)

CAD1 0.44 -1.05 1.72 0.67 -0.79 -0.23
CAD2 0.49 -0.97 1.66 0.69 -0.81 -0.15
CAD3 0.59 -0.99 1.78 0.79 -0.91 -0.17
CAD4 0.89 -0.98 1.88 0.90 -1.02 -0.16

Table A.2: Selected electrochemical and photophysical properties for the CAD dyes, from refs [2—4].

Voc (mV) Jsc (mA em™?) FF (%) n (%) IPCE (%) Dye loading (mol cm™2)
aCAD3 101 8.21 31 0.25 50 7.36 x10°6
CAD4 84 3.96 32 0.11 35 17.2 x10°°

Table A.3: Photovoltaic performance of CAD3 and CAD4. 2Taken from ref [3]. Electrolyte: 0.1 M I,
1.0 M LiI in acetonitrile.

Lifetime, ps
CAD3 7498 = 3485
Tags = 3242
Te1o = 2861

Table A.4: Average lifetimes obtained from single-point analysis of transient absorption spectra of

CAD3INiO in the presence of 0.1 M LiClOy, in acetonitrile. Aexc = 532 nm.

D/D* D/D- Eoo  D*/D-
(Vs fc/fct) (Vvsfe/fct) (eV) (V vsfc/fch)
P1 0.69 -1.46 2.25 0.79
BOD2 0.65 -1.48 2.27 0.79

Table A.5: Selected electrochemical and photophysical properties of P1 and BOD2, from ref [5] and ref[1].
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Assignment Lifetime, ps

CH,Cl, CD3CN NiO NiO|I" /I3~
CN Tooss = 836 £127 Tooas = 14 £2 (79%), 283 £115 (15%) 7208 = 13 2 (82%), 1101 £343 (12%)
To223 = 1094 £139 Toorr = 1444 (71%), 108 £65 (19%)  Top1y = 17 £2 (82%), 427 +129 (17%)
To17s = 892 +91 Torr3 = 13 4 Torrs = 19 £2 (72 %), 650 £107 (22%)
Tovss = 968 £104 Tors0 — 9 £4 (67%), 146 £72 (29%) 7130 — 19 3 (73%), 895 £160 (25%)
C=0 T1742 = 1091 £192

T1719 — 978 +£172

C—C (Phenyl) Tisss = 1139 £28  Tys0 = 37 £3  Tys0s = 16 £1 (81%), 563 £138 (15%) 71505 — 12 1
Tisgr = 1163 £28  Tisq = 39 £3  Tys7p = 16 £1 (77%), 496 +64 (18%) 71575 = 13 +2
Tiaos = 1103 £27  Ty1450 = 34 £6 71553 = 13 £3 (76%), 191 +58 (21%)
Traar — 1148 £64  T1309 — 24 £4 71509 — 2 £0.2 (87%), 375 £39 (12%) 71510 — 12 £1
Ti33s = 1153 £76  T1310 = 36 £3 71306 — 18 £1 (75%), 528 +84 (16%) 71325 — 13 1 (73%), 803 £105 (22%
T1324 = 1100 +67 71314 = 12 £1 (80%), (

)
298 £57 (14%) 71314 = 13 £2 (72%), 510 £88 (22%)
T1310 — 1127 +65

(72%), 749 £111 (24%)
(70%), 770 £108 (25%)
T1ss5 = 10 +1 (77%), 128 £21 (20 %)
(65%), 901 £93 (32 %)
(73%), )

%
%

C=C AHTWOUUoﬁmv T1434 — 1184 +45 T1436 — 42 +4 T1434 — 13 +1 Aﬂwﬁuv“ 424 +60 AHmﬁva T1436 — 13+1 Aﬂwﬁvv, 707 £92 Awwﬁv
T1407 — 1073 £29 T1407 — 35 3 T1382 — 220 £47 T1396 — 14 +3 Amﬂﬁuvu 819 £148 AMHANUV

Table A.6: Lifetimes obtained from single-point analysis of the time-resolved infrared spectra of P1 following excitation at 532 nm. Where a multi-exponential

function is used, the amplitudes of each component are given in brackets.
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O = redox process centered on the Bodipy
+ = redox process centered on the POM

DCM

MeCN O

T T J LR L L BN BN R LN B |

T LI e T
2 15 1 05 0 05 1 1.5 15 A1 -0.5 0 0.5 1 15
E/Vvs SCE E/Vvs SCE

Figure A.4: Electrochemistry of POM4, which contains tetrabutylammonium cations, in different solvents

(left), and POM4 and POM6 in DMF. POM6 contains tetramethylammonium cations.

Voc (mV) Jsc (mA em™) FF (%) n (%) IPCE (%)
ap] 84 5.48 33 0.15 63
bBOD2 95 1.58 35 0.05 23

Table A.8: Photovoltaic performance of P1 and BOD2. ®Values taken from ref [6]. PSolar cells were fab-

ricated and characterised by the author. The electrolyte contained 0.1 M Iy and 1.0 M Lil in acetonitrile.

Dye Eg (eV) AE (eV) AE (eV) LUMOs below TiOq
(HOMO above TiO2 VBM) (LUMO below TiO; CBM) CBM

Ru6 2.76 1.5 0.5 LUMO-LUMO+2

Ru7 2.60 0.5 14 LUMO-LUMO+6

Ru4 2.62 2.0 0.5 LUMO-LUMO+-2

Ru3 2.41 1.5 1.0 LUMO-LUMO+3

Table A.9: Calculated electronic properties of a selection of cyclometalated ruthenium dyes adsorbed on
titanium dioxide films, calculated using density functional theory (PBEO functional). This was performed

by Dr. Martsinovich. VBM = valence band minimum. CBM = conduction band minimum.
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E, eV

TiO, CBM

Dye LUMO

Dye HOMO

Tio, VBM

Ru6 Ru7 Ru4

Ru3

Figure A.5: Schematic of dye|TiO2 energy levels calculated by density functional theory for a selection

of cyclometalated ruthenium sensitisers, from the data shown in Table A.9.

# A (um) E (eV) f* Orbitals

Transition

1 430 2.89 0.249 HOMO-1 to LUMO

(100 %)

2 416 2.98  0.131 HOMO-2 to LUMO (69 %)
HOMO-1 to LUMO (31 %)

Bodipy 7 to 7*
Catechol to bodipy charge transfer

Table A.10: Transitions calculated using density functional theory of FAB4. 2 Oscillator strength.
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Figure A.6: 'H NMR spectrum of FAB2 in deuterated chloroform. 300 MHz.
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Figure A.7: 3C NMR spectrum of FAB2 in deuterated chloroform. 75 MHz.
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Figure A.8: 'H NMR spectrum of FAB3 in deuterated chloroform. 300 MHz. * = solvent peak.
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Figure A.12: 3C NMR spectrum of FAB4 in deuterated dimethyl sulfoxide. 176 MHz.
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